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(as used in this report)
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Agriculture contributes around 10-12 % of total global greenhouse gas (GHG) emissions but is 
the main source of non-carbon dioxide (CO2) GHGs, 
emitting nearly 60 % of nitrous oxide (N2O) and 
nearly 50 % of methane (CH4) (Smith et al., 2007a). 
N2O is produced by microbial transformations 
of nitrogen (N) in soils and animal waste and 
therefore oft en associated with N fertilizer inputs in 
agricultural systems. CH4 is generated when organic 
matter decomposes under anaerobic conditions 
and is mainly associated with ruminant livestock, 
manure storage and rice production under fl ooded 
conditions. Th ese emissions are currently estimated 
as 3.3 Pg CO2-eq yr-1 from CH4 and 2.8 Pg CO2-eq 
yr-1 from N2O emissions (Smith et al., 2007a). Large 
exchanges of CO2 occur between the atmosphere and 
agricultural ecosystems but emissions are thought to 
be roughly balanced by uptake, giving a net fl ux of 
only around 0.04 Pg CO2 yr-1, less than 1 % of global 
anthropogenic CO2 emissions (Smith et al., 2007a). 
However, land use change towards more cultivated 
land may contribute a further 5.9 ± 2.9 Pg CO2-eq 
yr-1, representing 6-17 % of total global GHG 
emissions (Bellarby et al., 2008), and if indirect 
emissions from agrochemical and fuel usage are also 
included, an extra 0.4-1.6 Pg CO2-eq yr-1 (0.8-3.2 %) 
can be attributed to agriculture. In total, direct and 
indirect emissions from agricultural activity and 
land use change to agricultural use could contribute 
around a third of all GHG emissions (Bellarby et al., 
2008). 
Globally, agricultural land use has increased by 
0.8 % between 1991 and 2002, and these changes are 
split with an increase of 2.1 % in developing countries 
partially mitigated by a 1.5 % drop in the developed 
world (Smith et al., 2007a). Th is trend is likely to 
continue with projected increases in world population, 
and shift s in diet requiring more resources per unit 
of food produced, being concentrated in areas such 
as South and East Asia. If agricultural production is 
going to signifi cantly increase while also minimizing 
its impact on future climate change, it is important 
to understand both its current contribution to GHG 
budgets and how agricultural management practices 
can infl uence them. Th is report explores these issues 
and identifi es key gaps in our knowledge and problems 
which are setting back our understanding. Th ese 
include the lack of work addressing GHG emissions 
on the basis of agricultural productivity rather than 
cultivated area, and inconsistent methodologies for 
measuring things like soil carbon under diff erent 
tillage regimes and for calculating N2O emissions, 
which make comparisons between systems diffi  cult. 
Th ere is also a distinct lack of research covering 
tropical regions, a gap which needs to be urgently 
addressed given the likely increases in production in 
these regions. Th is is especially important because 
the current trend, for example in Latin America, is 
towards increasing areas of cultivation rather than 
intensifying production on existing agricultural 
land (van Vuuren et al., 2008). Th is will have a 
disproportionately large impact on GHG budgets due 
to the loss of stored soil organic carbon (SOC) which 
occurs when forests and grasslands are converted to 
cropland (Murty et al., 2002; Guo and Giff ord, 2002; 
Carlton et al., 2009). 
If agriculture continues to develop according to 
existing trends and no action is taken to mitigate 
GHG emissions from the sector, they are expected 
to reach around 8.2 Pg CO2-eq yr-1 by 2030 (Smith 
et al., 2007a; Vergé et al., 2007). However, there is 
signifi cant potential to mitigate these emissions 
using existing agricultural technology. Estimates 
of this potential vary, especially when economic 
considerations are included in the calculations, but 
around 1.5-4.3 Pg CO2-eq yr-1 seems reasonable, with 
the greatest potential laying in cropland management 
practices (Smith et al., 2007a). Of these practices, 
improving nutrient management is particularly 
crucial, especially given the need to increase 
agricultural productivity while cultivating as little 
new land as possible. Key to this is improving crop 
N use effi  ciency (NUE) through the use of fertilizer 
best management practices (BMPs); using the right 
source, at the right rate, at the right time, and at 
the right place (Roberts, 2007). Implementation 
of fertilizer BMPs has been shown to both reduce 
N applications and associated N2O emissions and 
increase yields. For example, in China, the world’s 
largest consumer of mineral N fertilizers, BMPs have 
been shown to reduce N inputs by 20-40 %, increase 
yields by 2-12 %, increase N recovery rates by 10-15 % 
and reduce N losses by 10-50 %, in comparison with 
traditional farming practices (Zhang et al., 2007). 
Even in developed countries with existing trends of 
improving NUE, there is still the potential for further 
mitigation (ECCP, 2001; Halvorson et al., 2009; US-
EPA, 2009). 
Executive summary
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Better integration of organic resources such as 
animal waste and crop residues into crop nutrition 
programs can assist in improving soil fertility while 
also helping to mitigate indirect emissions from 
fertilizer production. Th ese indirect emissions 
currently contribute around 420 Tg CO2-eq yr-1 (IFA, 
2009a) and there is considerable scope to mitigate 
these, and any future increases, using existing 
methods such as carbon capture and N2O abatement 
technologies. Th is could save around 200 Tg CO2-eq 
yr-1 (IFA, 2009a). Other GHG mitigation strategies 
include the use of no-till or reduced tillage regimes. 
Th ere is debate regarding the mitigation potential 
of tillage measures. Th is is because assessing the net 
impact on GHG emissions requires comparing the 
impacts on both SOC, which is oft en biased by fi eld 
measurements taken only in the top 30 cm of the soil 
profi le (Baker et al, 2007), and N2O emissions, which 
are highly variable over time. Th e balance of evidence 
does, however, point to a net benefi t for suitable 
soil types, although more research may still aid our 
understanding in this area. Reducing tillage also gives 
indirect savings in terms of reducing on-farm fuel use 
and associated emissions. 
Agronomy measures are perhaps the most diffi  cult 
mitigation practices to assess at present. Using catch 
crops, legumes and particular types of crop rotations 
could potentially reduce GHG emissions per hectare 
of cropland but can also impact on yields, potentially 
requiring additional land to be cultivated at great 
cost in terms of SOC losses. For example, the global 
warming potential (GWP) of an intensive continuous 
maize crop may be 2-3 times higher, on a per hectare 
basis, than that of a conventionally-tilled maize-
wheat-soybean rotation, but produce only 63 % of the 
net GHG emissions when compared on the basis of 
CO2-eq per Gcal of food yield (Robertson et al., 2000; 
Adviento-Borbe et al., 2007; Snyder et al., 2009). 
Th erefore, more work is needed to compare net GHG 
emissions from diff erent cropping systems over the 
long term and on a per unit of production basis.
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Agriculture contributes around 10-12 % of total global greenhouse gas (GHG) emissions but is 
the main source of non-carbon dioxide (CO2) GHGs, 
emitting nearly 60 % of nitrous oxide (N2O) and 
nearly 50 % of methane (CH4) (Smith et al., 2007a). 
CO2 is mostly released when microbes decompose 
plant or soil organic matter under aerobic conditions, 
or when organic matter is burnt, but uptake by 
vegetation means that the net fl ux accounts for less 
than 1 % of global anthropogenic CO2 emissions 
(Smith et al., 2007a). N2O is produced by microbial 
transformations of nitrogen (N) in soils and animal 
waste, under both aerobic and anaerobic conditions, 
and emissions are oft en highest when available N 
exceeds plant requirements, especially under wet 
conditions (Oenema et al., 2005; Smith and Conen, 
2004). CH4 is generated when organic matter decays 
under anaerobic conditions, the main examples 
being fermentation digestion by ruminant livestock, 
microbial decomposition of stored manure, and rice 
production under fl ooded conditions (Mosier et al., 
1998b). Emissions from land use changes and fuel and 
energy use are all accounted for separately within the 
Intergovernmental Panel on Climate Change (IPCC) 
methodology, but if changes to cultivated land and 
indirect emissions associated with agriculture, such 
as fuel use for farm vehicles and for agrochemical 
and fertilizer production, are also included, then 
agriculture could contribute around a third of total 
global GHG emissions, mainly due to deforestation 
for agriculture (Bellarby et al., 2008). 
Th e world population has doubled over the past 
40 years and is predicted to reach 9 billion by 2040 
(US Census Bureau, 2008), putting increasing 
demands on agricultural production. As a result, 
the US-EPA (2006a) estimates that GHG emissions 
from agriculture will increase by around 10-15 % per 
decade over the next 30 years. However, emissions are 
decreasing in some regions, such as Europe, and active 
management of agricultural systems has the potential 
to mitigate signifi cant levels of GHG emissions, 
helping to limit the impact on future climate.
Th is review focuses on the GHG budgets of crop 
production, in terms of N2O, CH4 and CO2, and the 
impact of fertilizer use on them. It does not consider 
ammonia or other N oxides, and only briefl y touches 
on the contribution of livestock production and 
manure recycling to overall agricultural emissions 
and their mitigation potential, except when 
considering manure that is applied to cropland soils. 
Indirect emissions are also considered when they 
relate directly to agricultural production, for example 
on farm energy use and emissions associated with the 
production of fertilizers and other agrochemicals. 
Th e main body of the report is split into three 
sections. Th e fi rst reviews the present level of 
agricultural GHG emissions, focusing particularly on 
N2O emissions from soils and the fertilizer applied to 
them, at a range of scales, and includes a discussion on 
the variability of fi eld measurements and uncertainties 
inherent in diff erent calculation methodologies. Th e 
CH4 balance of rice production and arable farming 
is considered alongside issues surrounding the CO2 
balance of changing land use. Indirect emissions from 
fertilizer production and transport, agrochemical 
production and on-farm fuel use are also discussed. 
Th e second section reviews estimates of future 
agricultural GHG emission levels assuming a baseline 
or business-as-usual scenario, at both global and 
regional level, and also estimates future fertilizer 
requirements. Th e fi nal section reviews options 
for mitigating these emissions, beginning with an 
overview of mechanisms and potential management 
strategies, then reviewing their global technical and 
economical potential, and fi nally provides an in-
depth review of the mitigation potential of various 
arable cropland management options, focusing on 
improved nutrient management, including case 
studies of fertilizer use and effi  ciency in China and 
India, the two largest consumers of N fertilizer, and 
also covering tillage and cropping systems. Mitigation 
options are also reviewed with relation to rice crops 
specifi cally, since fl ooded cropping systems are so 
diff erent from general arable conditions. In terms 
of the mitigation of indirect emissions, the potential 
for reducing emissions from fertilizer production is 
discussed, and the impact of reduced tillage on on-
farm energy use is also reviewed.
As this report covers multiple GHGs, all emission 
levels have been converted into CO2 equivalents 
according to their global warming potentials (GWP), 
which are taken to be 296 for N2O and 23 for CH4 
(IPCC, 2006), to allow easy comparison between 
gases.
1. Introduction
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2.1 Overview of global and regional 
agricultural emissions and sources
According to the Agriculture chapter of the IPCC 
Fourth Assessment Report (Smith et al., 2007a), 
approximately 40-50 % of the Earth’s surface is 
managed for agricultural purposes and contributes 
10-12 % of global greenhouse gas (GHG) emissions, 
around 5.1-6.1 Pg CO2-eq yr-1 in 2005. Th is is made 
up of 3.3 Pg CO2-eq yr-1 from methane (CH4) and 2.8 
Pg CO2-eq yr-1 from nitrous oxide (N2O) emissions. 
Although there are large exchanges of carbon dioxide 
(CO2) between the atmosphere and agricultural 
ecosystems, emissions are thought to be roughly 
balanced by uptake, giving a net fl ux of only around 
0.04 Pg CO2 yr-1, less than 1 % of global anthropogenic 
CO2 emissions (electricity and fuel use are not 
included in this sector) (Smith et al., 2007a). Land 
use change is accounted for separately, but change 
to cultivated land is thought to contribute a further 
5.9 ± 2.9 Pg CO2-eq yr-1, 6-17 % of total global GHG 
emissions (Bellarby et al., 2008). If indirect emissions 
from agrochemical production and distribution and 
on-farm operations, including irrigation, are also 
included, an extra 0.4-1.6 Pg CO2-eq yr-1 (0.8-3.2 %) 
can be attributed to agriculture, meaning that, in 
total, direct and indirect emissions from agricultural 
activity and land use change to agricultural use could 
contribute as much as 32.2 % of all GHG emissions 
(Bellarby et al., 2008). 
Agriculture is the main source of global non-
CO2 GHG emissions, contributing around 47 % of 
anthropogenic CH4 emissions and 58 % of N2O, 
although there is a large degree of uncertainty around 
estimates for both agricultural contribution and 
total anthropogenic emissions. Th e main sources, 
N2O from soils and CH4 from enteric fermentation, 
make up around 70 % of non-CO2 emissions from 
the sector, with biomass burning, rice cultivation, and 
manure management, accounting for the remainder 
(Smith et al., 2007a; see Figure 1).
Th e relative magnitude of emissions and sources 
vary greatly between diff erent regions of the world. 
In Europe, agriculture contributed only 11 % of total 
GHG emissions in 1990, with CH4 emissions from 
agriculture contributing 41 % of total CH4 emissions, 
and N2O from the sector contributing 51 % of total 
N2O emissions (ECCP, 2001), whereas in nine African 
countries, agriculture contributed over 80 % of total 
GHG emissions in the mid 1990s (UNFCCC, 2005). 
In 2005, N2O from soils (mainly associated with 
fertilizer and manure applications) was the main 
source of agricultural GHG emissions in seven out 
of ten world regions, while in the other three (Latin 
America and the Caribbean, Eastern Europe and the 
Caucasus and Central Asia, and OECD Pacifi c), CH4 
from enteric fermentation was the main source (US-
EPA, 2006a), as these three regions had 36 % of world 
cattle numbers and 24 % of world sheep in 2004 (FAO, 
2003). Emissions from rice cultivation and biomass 
burning were heavily concentrated in developing 
countries, with 97 % and 92 % of world totals, 
respectively. South and East Asia were responsible 
for 82 % of CH4 emissions from rice cultivation as it 
is a dominant food source in this region, while 74 % 
of total emissions from biomass burning originated 
in Sub-Saharan Africa, and Latin America and the 
Caribbean. Manure management was the only source 
where resulting GHG emissions were higher in 
developed regions (52 %) than in developing regions 
(US-EPA, 2006a).
Th e balance between the large fl uxes of CO2 
emissions and uptake in agricultural land is uncertain. 
A study reported in the US Environmental Protection 
Agency Report (US-EPA, 2006b) showed that some 
countries and regions have net emissions, while 
others have net removals of CO2. However, except 
for the countries of Eastern Europe, the Caucasus 
and Central Asia, which had an annual emission of 
26 Tg CO2 yr-1 in 2000, all other countries showed 
very low estimated net fl uxes, whether emissions 
or removals. For this reason, soil carbon fl uxes are 
mostly discussed in terms of mitigation potential 
in this report (see section 4) as they are more 
2. Recent and current greenhouse gas budgets
Figure 1.  Global non-CO2 agricultural emission 
sources in 2005 (Source: Smith et al., 2007a)
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associated with land-use change (see section 2.6) 
than production from land already under agricultural 
management, although indirect emissions associated 
with fuel use and fertilizer production are covered in 
section 2.7. Emission levels and sources of N2O are 
described, focusing particularly on those associated 
with cropland management and fertilizer use, while 
CH4 is mostly discussed in terms of rice production, 
as animal production and manure management are 
outside the scope of this report (see sections 2.3-2.5).
2.2 Recent trends (1990-present)
Globally, agricultural land use has increased by 0.8 % 
between 1991 and 2002, with an increase of 2.1 % in 
developing countries partially mitigated by a 1.5 % 
drop in the developed world, and now covers 5023 
million hectares (Mha), 28 % of which is cropland 
(Smith et al., 2007a). In line with this increase 
in activity, CH4 and N2O emissions from global 
agriculture have increased; Vergé et al. (2007) report 
a 6.5 % increase between 1990 and 2000, while the US 
EPA (2006a) report a 17 % increase between 1990 and 
2005 globally, with an annual average of 58 Tg CO2-
eq yr-1, split roughly equally between the two gases, 
and with biomass burning (N2O and CH4), enteric 
fermentation (CH4) and soil N2O emissions together 
explaining 88 % of this increase. 
On a regional basis, these changes represent a 
substantial increase in agricultural emissions from 
the developing world, and a decline in corresponding 
emissions from Europe and other, generally developed, 
regions. According to the US-EPA, the changes 
between 1990 and 2005 are composed of a 32 % increase 
in non-CO2 emissions (equivalent to 73 Tg CO2-eq 
yr-1) from the fi ve regions of Non-Annex I (developing) 
countries and a decrease of 12 % (equivalent to 15 Tg 
CO2-eq yr-1) from the other fi ve regions (with mostly 
Annex I / developed countries) collectively (US-EPA, 
2006a), while data from national GHG inventories 
shows that total agricultural GHG emissions from 
Annex I countries declined by 21.3 % between 1990 
and 2006 (UNFCCC, 2008). Th is decrease was mostly 
due to political changes in the countries of Eastern 
and Central Europe, the Caucasus and Central Asia, 
which led to agricultural de-intensifi cation with less 
inputs, and land abandonment (Smith et al., 2007a). 
Romanovskaya (2008) reports that total agricultural 
emissions from Russia in 2004 were only 45 % of the 
1990 levels. Vergé et al. (2007), who split the world 
into the six World Meteorological Organization 
Regional Associations, report that, in Africa, non-
CO2 agricultural production emissions (excluding 
biomass burning) have increased by 19 % between 
1990 and 2000; in Asia by 12 %; in South America by 
9 %; in North and Central America and the Caribbean 
by 7  %; and in Southwest Pacifi c by 6%, but have 
decreased in Europe by 21 % over the same period.
2.3 N
2
O emissions from agricultural 
soils
As highlighted above, agriculture is the main source 
of anthropogenic N2O emissions in the world, 
contributing around 58 % (Smith et al., 2007a), and 
N2O emissions from world soils amounted to 2526 Tg 
CO2-eq yr-1 in 2000 (Vergé et al., 2007). Th ese emissions 
are produced by the microbial transformation of N 
in the soil, oft en originating from applied mineral 
fertilizers and manure, and can be enhanced when 
available N exceeds plant requirements, especially 
under wet conditions (Oenema et al., 2005; Smith and 
Conen, 2004). Quantifying these emissions in order 
to accurately assess both their contribution to total 
GHG emissions and the eff ectiveness of mitigation 
strategies is, however, made diffi  cult by the level of 
variation, both spatially and over time (Mosier et al., 
1998a). Direct N2O emissions have been shown to 
relate to N inputs and are therefore oft en calculated 
using an emission factor (EF), which represents the 
percentage of any N applied that is emitted in the form 
of N2O. Th e default EFs have large uncertainty limits, 
and the IPCC recently reduced its default EF from 
1.25 % to 1 % as it considers a more recent review of 
fi eld measurements around the world, which indicates 
that the initial value was too high (IPCC, 2006), while 
other researchers have argued that diff erent EF values 
should be used for diff erent crops, climate or soil 
conditions. Th e IPCC methodology allows country / 
region specifi c EFs to be used where data is available. 
Th is issue, and the impact using diff erent EFs or 
modelling techniques can have on the quantifi cation 
of emissions, are discussed further in Appendix A at 
the end of this report. 
2.3.1 Soil N
2
O emissions from N fertilizer use
Th e availability of N fertilizers has arguably played 
the greatest individual role in the dramatic increase in 
agricultural productivity around the world since the 
beginning of the 20th Century. It has been estimated 
that, in 2008, 48% of the global population is dependent 
on food that would not be produced without N 
fertilizer inputs (Erisman et al., 2008). Fertilizer use 
is, however, very ineffi  cient, with a high proportion 
of applied N being lost to the environment. In 2005, 
of approximately 100 Tg N used in global agriculture, 
only 17 Tg N was consumed by humans as crop, dairy 
or meat products (UNEP, 2007), and the global N use 
effi  ciency (as measured by recovery effi  ciency in the 
fi rst year i.e.  (fertilized crop N uptake - unfertilized 
crop N uptake)/N applied) of crops is generally 
considered to be less than 50 % under most on-farm 
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conditions (Tilman et al., 2002; Balasubramanian et 
al. 2004; Dobermann, 2007; IFA, 2007). Not all of 
this lost N contributes to global warming; around 
40 % may be denitrifi ed back to inert atmospheric N2 
(Galloway et al., 2004). However, emission factors as 
high as 40 % (of applied N) have been reported for 
N2O loss from fertilizer applications (see Table A1 in 
Appendix A).
Data available from the International Fertilizer 
Industry Association (IFADATA, 2009) indicates 
that world N fertilizer consumption was 93 Tg N yr-1 
in 2005. Figure 2 shows how this was split between 
regions, indicating that Asia used more than 60  %. 
Assuming an EF of 1 % as per the IPCC default 
methodology (2006), this would give N2O emissions 
directly from N fertilizer application of 433 Tg CO2-
eq yr-1 in 2005. In comparison, Vergé et al. (2007) 
estimate N2O emissions from world N fertilizer usage 
at 444 Tg CO2-eq in 2000 (17.6 % of total soil N2O 
emissions), using FAO (2004) fertilizer consumption 
data and the IPCC (2000) EF of 1.25 %. Th is indicates 
the degree of variability possible in estimates even 
when the IPCC methodology is followed, highlighting 
the diffi  culty in quantifying both current emissions 
and the eff ectiveness of measures to mitigate them.
On a regional basis, fertilizer use contributes to 
total soil N2O emissions and agricultural non-CO2 
emissions largely in line with its level of use. Vergé et 
al. (2007) report that mineral N fertilizer applications 
led to emissions of 14 Tg CO2-eq yr-1 in Africa 
in 2000, representing just 4.1 % of total soil N2O 
emissions and 2.2 % of total non-CO2 emissions from 
agricultural production (excluding biomass burning). 
Th is is because African crops are generally under-
fertilized; small-scale African farmers usually apply 
no fertilizer or rates well below the recommended 
levels for the maintenance of soil fertility (Batjes, 
2004). In comparison, in Asia, which includes 
both China and India with their huge fertilizer 
consumption levels (see section 4.5.2 below for case 
studies of the impact of reducing this demand), 
fertilizer-induced emissions are calculated as 244 Tg 
CO2-eq yr-1 in 2000, representing 22.7 % of total soil 
N2O emissions and 9.1 % of total non-CO2 emissions 
from agricultural production (excluding biomass 
burning). South America shows a similar pattern to 
Africa, with emissions of 18 Tg CO2-eq yr-1 in 2000, 
representing 5.2 % of soil N2O emissions and 2.4 % 
of non-CO2 emissions from agricultural production 
(excluding biomass burning). Th e Southwest 
Pacifi c also has fertilizer induced N2O emissions 
of only 19 Tg CO2-eq yr-1 for 2000 but, in this case, 
they contribute 30.6 % of soil N2O emissions and 
7.2  % of total non-CO2 emissions from agricultural 
production (excluding biomass burning). Europe and 
North and Central America have similar levels of N 
fertilizer-induced emissions, 73 and 76 Tg CO2-eq yr-1
for 2000, respectively, but they make a much higher 
contribution to total soil N2O emissions in Europe, 
26.8 % vs. 17.9 %  for North and Central America, 
despite having a fairly similar contribution to total 
non-CO2 emissions of 11.7 % for Europe and 10.7 % 
for North and Central America (Vergé et al., 2007).
Annex I countries (mainly developed countries 
or transition economies such as the Former Soviet 
Union) report annual emissions from fertilizer 
applications to the UNFCCC. Values for reported 
mineral N fertilizer-induced emissions range from 
just under 1 Gg CO2-eq yr-1 for Liechtenstein to over 
56 Tg CO2-eq yr-1 for the USA, which, as the third 
largest consumer of fertilizer N, emits almost as 
much directly fertilizer-induced N2O as the whole 
of the EU-27 (58 Tg CO2-eq yr-1). However, since 
the USA has a much larger cropland area (411 Mha 
in 2007) than the EU-27 (190 Mha in 2007, based 
on FAOSTAT, 2009), the average emission levels 
are lower on a per hectare basis. For non-Annex I 
countries such as China and India, emissions can 
instead be estimated using fertilizer consumption 
data from the IFA (IFADATA, 2009) and the IPCC 
default emission factor of 1 % (IPCC, 2006). With 
estimated N2O emissions from mineral N fertilizers 
of 148 Tg CO2-eq for 2006 (roughly 0.3 % of global 
total GHG emissions from all sources), China alone 
contributes more than the whole of Europe and the 
USA put together (see section 4.5.2 for further details 
of Chinese and Indian fertilizer use, N use effi  ciency 
and mitigation potential).
Manure application-induced N2O emissions are 
accounted for separately from those associated with 
mineral N fertilizer under the IPCC methodology. 
Country level emissions reported to the UNFCCC by 
Annex I countries are generally lower than those for 
mineral fertilizers due to a much smaller proportion 
of N being derived from manures than mineral 
fertilizers, ranging from under 2 Gg CO2-eq yr-1 up 
Figure 2.  Proportion of world N fertilizer 
consumption for 2005 by region (Source: IFADATA, 
2009)
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to almost 12 Tg CO2-eq yr-1 for the USA, and are 
diffi  cult to estimate for countries which do not report 
them because manure applications are generally not 
recorded at the international level, and must fi rst be 
estimated. Th is can be done by using animal numbers 
and estimates of the proportion of manure applied to 
crops, and its N content, but multiplying estimates 
means fi nal estimates may have a very high degree 
of uncertainty associated with them, especially as 
IPCC default data on amounts of N excreted by 
animals may be very diff erent to locally measured 
data for some countries (for example, China; Yu’e and 
Erda, 2000). For China, manure applications have 
been estimated to contribute 25 % of direct soil N2O 
emissions, amounting to 40 Tg CO2-eq for 1990 (Yu’e 
and Erda, 2000), although it has been suggested that 
the use of manure has since declined and mineral 
fertilizers contributed around 74 % of direct soil 
N2O emissions from China by the mid 1990s (Zhu 
and Chen, 2002), as opposed to the 54 % reported 
by Yu’e and Erda (2000) for 1990. In India, manure 
applications are reported to play a more signifi cant 
role in crop fertilization. Singh and Singh (2008) cite 
data indicating that it contributed 44 % of N inputs 
in 2000-01, amounting to 15.6 Tg N and producing 
N2O emissions of 72.6 Tg CO2-eq (assuming a 1 % 
EF), although the authors do note this may be an 
overestimate, especially as a substantial proportion 
of cattle excreta is used for other purposes. Bhatia et 
al. (2004) argue that manure contributes only 3 % of 
Indian direct soil N2O emissions, amounting to just 
1.31 Tg CO2-eq for 2000-01, which agrees with Garg 
et al. (2006) in terms of percentage contribution, 
although Garg et al. (2006) estimate higher emissions 
overall, such that 3 % amounts to 2.79 Tg CO2-eq for 
2000.  
Despite being a signifi cant source of soil N2O 
emissions, fertilizers do, as discussed above, make a 
considerable contribution towards feeding the world’s 
increasing population (Erisman et al., 2007), and 
when used optimally, may help to reduce total GHG 
emissions per unit of production by maximizing plant 
uptake – for example, Lammel (2009) reports that 
wheat and maize plants would fi x around 40 % less 
CO2 if not fertilized with N.
2.3.2 Soil N
2
O emissions per unit of 
agricultural output
GHG emissions are generally reported on a per area 
basis. However, agricultural productivity needs to 
increase to feed 9 billion people by 2040-2050, if we 
are to avoid cropland spreading into previously non-
agricultural land resulting in large GHG emissions. 
Converting more land to crop production is likely 
to increase GHG emissions more than intensifying 
production on existing cropland (see section 4.2.7). 
Th erefore, lowering emissions per hectare would 
not be benefi cial if this necessitated land conversion 
to cropland, so comparisons between cropping 
management strategies on a “per unit of production” 
basis is oft en more useful. Assessment of emissions of 
this basis (e.g. Williams et al., 2006) is less frequent 
in the literature, although oft en done in life cycle 
assessment (LCA) studies (e.g. Brentrup et al., 2004; 
Brentrup and Pallière, 2008). GHG emissions in 
future should be assessed on a per-unit-product basis 
in addition to a per-unit-area basis.   
2.3.3 Soil N
2
O emissions from crop residue 
incorporation and N-fi xing crops
Crop residues include non-harvested products and 
usually comprise the straw / haulms and the stubble 
/ stover left  on the fi eld aft er the primary agricultural 
products (e.g. grain, root crops) have been removed. 
According to IPCC guidelines, N2O emissions from 
residues are calculated in the same way as N2O 
emissions from fertilizer inputs, by working out the 
level of N input from the crop and then assuming a 
default emission of 1 % of that input (IPCC, 2006). 
Input levels are determined by crop yield and N 
content, which varies according to crop type, and the 
IPCC guidelines also include an equation and a table 
of default factors for estimating these. For Annex I 
countries, crop residue incorporation is reported to 
contribute between 0.13 Gg CO2-eq yr-1 (Iceland) 
and 30.36 Tg CO2-eq. yr-1 (Russian Federation), with 
a mean average of 2067 Gg CO2-eq yr-1 per country, 
while N-fi xing crops produce 0.21-1911 Gg CO2-eq 
yr-1, with a mean average of 224 Gg CO2-eq yr-1 per 
country, although this category of emissions is not 
reported separately for several countries, including 
the USA, Russia and Canada, which may be expected 
to have some of the highest emissions.
Given the data required, these emissions are not 
straightforward to estimate for other countries from 
readily available international databases. For China, 
crop residues returned to the soil were estimated 
by Yu’e and Erda (2000) to contribute 21 % of total 
direct soil N2O emissions, amounting to 33 Tg CO2-
eq for 1990, suggesting it is probably also one of the 
largest N2O emitters from crop residue incorporation. 
However, a lower estimate of 7.85 Tg CO2-eq (with a 
range of 1.57-14.13 Tg CO2-eq) is given for the same 
year by Xing and Yan (1999), and this study also gives 
a similar estimate of 8.14 (1.63-14.65) Tg CO2-eq 
for N2O emissions from N-fi xing crops for 1990. In 
India, N-fi xing crops added 4.1 Tg N to agricultural 
soils in 2000-01 (Singh and Singh, 2008), suggesting 
N2O emissions of 18.6 Tg CO2-eq (assuming a 1 % 
EF), nearly an order of magnitude higher than from 
any of the Annex I countries that reported this 
category of emissions separately. As for crop residues 
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are concerned, these are oft en used for animal feed, 
and only around one third are recycled (Singh and 
Singh, 2008). Combined with the fact that burning 
of crop residues is common practice in many areas 
of India (Sharma et al., 2008), incorporation may not 
be a signifi cant source of N2O emissions. Bhatia et al. 
(2004) argue that only 5 % of straw is incorporated 
and estimate crop residues contribute 11 % of direct 
soil N2O emissions, amounting to 4.09 Tg CO2-eq for 
1994-95.
As with N2O emissions from fertilizer applications, 
however, there is considerable variation in estimated 
EF values, with numerous studies showing either 
lower or higher emissions than calculated by the 
IPCC default values under diff erent conditions. For 
example, Velthof et al. (2002) reported that the total 
N2O emission from various types of residues ranged 
from 0.13 to 14.6 % of the N added with residues, and 
Vinther et al. (2004) calculated that between 1.5 and 
14.1 % of total plant residue N was emitted as N2O 
during a fi ve month period following incorporation. 
Other researchers have argued that assumptions need 
to be based on longer term measuring campaigns, 
rather than on emissions measured only during the 
crop growing season. Ciampitti et al. (2008) reported 
that 28 % of total N2O emissions from soybean crops 
occurred aft er harvest.    
2.4 CH
4
 emissions from rice cultivation
Rice paddies emit CH4 when they are fl ooded due 
to the anaerobic decomposition of organic matter 
in the soil producing the gas, which then escapes to 
the atmosphere mainly through diff usive transport 
through the rice plants (Nouchi et al., 1990), or is 
oxidized before reaching the surface. Th e level of 
CH4 emission from any given rice paddy is related 
to factors that control the activity of the methane-
producing (methanogens) and methane-oxidizing 
bacteria (methanotrophs) such as temperature, pH, 
soil redox potential and substrate availability, and 
also soil type, rice variety, water management and 
fertilization with organic carbon and N (see reviews 
by Le Mer and Roger, 2001, and Conrad, 2002). 
Th e interactions between CH4 emission levels and 
these last three factors are discussed further in the 
mitigation section (4.9).
Globally, rice production is estimated to have 
contributed 44 % of agricultural CH4 emissions 
in 2000, and 16 % of total non-CO2 agricultural 
emissions on a CO2-equivalent basis (Vergé et 
al., 2007). In 2005, 97 % of emissions from rice 
cultivation were from developing countries, and 
South and East Asia was responsible for 82 % of this, 
as it is a dominant food source in this region (US-
EPA, 2006a). Th is agrees with Vergé et al. (2007), who 
estimated that Asia as a whole contributed 82 % of 
CH4 emissions from rice in 2000, using a global EF of 
2.77 x 10-5 Tg CH4 km-2 yr-1 (calculated according to 
Mosier et al., 1998b) to calculate total emissions from 
the sector from the total area under rice cultivation 
from the FAO (2004) database. Th is global emission 
factor corresponds to an average for the world’s rice 
paddies, based on individual country’s EFs per square 
kilometre, weighted for the country’s contribution 
to the total rice paddy areas. A range of estimated 
CH4 emission levels from rice growing countries, 
mostly in Asia, and world totals, are given in Table 1. 
Estimates of emissions from Asian countries made by 
Yan et al. (2003), were calculated using specifi c EFs 
based on reported emission levels for that country or 
climatically similar regions (only those estimated to 
emit more than 400 Gg CH4 yr-1 are shown in Table 1). 
2.5 CH
4
 budget of other croplands
In aerobic soils used for crop production, CH4 
production is very limited and oxidation of CH4 
dominates the local fl ux, meaning arable soils are 
net sinks for CH4. CH4 oxidation is limited by the 
availability of CH4, along with other biotic and abiotic 
factors. As aerobic soils do not produce signifi cant 
levels of CH4, the size of the sink is limited (as shown 
in Table 2) and estimated to amount to just 64.4 Tg 
CO2-eq yr-1 globally for all cultivated soils (Mosier et 
al., 1998b). Compared to undisturbed soils, cropland 
soils are a weaker CH4 sink (Willison et al., 1995), 
with cultivated land consuming an average of only 
46 kg CO2-eq ha-1 yr-1, in comparison with temperate 
forests, which are thought to consume around 253 kg 
CO2-eq ha-1 yr-1 (Mosier et al., 1998b). Boeckx and 
Van Cleemput (2001) suggest an oxidation capacity 
of 34.5 kg CO2-eq ha-1 yr-1 for European arable land, 
giving a sink strength of 6.3 Tg CO2-eq for the EU-15, 
based on land use data from 1993.
CH4 oxidation in arable soils may also be limited 
because it is inhibited by agricultural management 
practices such as N fertilizer and pesticide 
applications. Th e inhibiting action of N additions is 
well documented (see for example, Hütsch et al., 1993; 
Hütsch, 1996; Kravchenko et al., 2002; Seghers et al., 
2003). It works in the short term because ammonium 
(NH4+) interferes with the methanotrophic enzyme 
system (Boechx and Van Cleemput, 1996; Tlustos et 
al., 1998) and, in the longer term, by changing the 
make-up of the microbial community. Seghers et al. 
(2003) also reported that N applications in the form 
of mineral fertilizers had a much more negative eff ect 
than organic manure or compost applications. Various 
herbicides, such as atrazine, and also the insecticide 
methomyl, have also been shown to inhibit CH4 
oxidation (Topp et al., 1993; Arif et al., 1996; Boeckx 
et al., 1998; Priemé and Ekelund, 2001).  
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Data for tropical systems, aside from rice 
cultivation, is rather more scarce. For example, CH4 
dynamics associated with agroforestry systems are 
poorly understood, despite complex mixtures of trees 
and agricultural crops (such as coff ee and cacao) 
being widely practised in Latin America, Southeast 
Asia and equatorial Africa, and being considered 
one of the most sustainable agricultural systems in 
the tropics (Albrecht and Kandji, 2003). A review 
by Mutuo et al. (2005) argues that of the few studies 
that have been carried out into CH4 fl uxes in humid 
tropical regions, most have focussed on short-term 
cropping systems or natural forests. Like temperate 
systems, these studies have shown that upland forests 
Table 1. Estimated CH4 emissions from rice cultivation (partially adapted from Mosier et al., 1998b; and Yan et al., 
2003)
Country or region CH
4
 emission 
(Tg CO2-eq yr-1)
Reference
Bangladesh 17.6 ALGAS reporta
35.6 Yan et al., 2003
China 299-391 Wang et al., 1994
260 Lin et al. , 1994
222-291 ALGAS reporta
176 Yan et al., 2003
India 55.2-138 Parashar et al., 1994
135 Yan et al., 2003
94.07 ± 27.37 Gupta et al., 2009
Japan 0.46-23.92 Yagi et al., 1994
8.95 National report to UNFCCCb
9.57 Yan et al., 2003
Myanmar 30.5 ALGAS reporta
30 Yan et al., 2003
Pakistan 12.1 ALGAS reporta
9.9 Yan et al., 2003
Thailand 11.5-202.4 Yagi et al., 1994
48.5 National report to UNFCCCb
40.5 ALGAS reporta
40.2 Yan et al., 2003
Philippines 6.9-16.1 Neue et al., 1994
14.5 National report to UNFCCCb
13 ALGAS reporta
12.2 Yan et al., 2003
USA 5.9-7.6 US-EPA, 2009
Vietnam 29.2 ALGAS reporta
28.7 Yan et al., 2003
Asia 577 Yan et al., 2003
World 1380 Watson et al., 1992
584-1242 Sass, 1994
729 Neue, 1997
aAs cited by Yan et al. (2003); ALGAS: Asia Least-cost Greenhouse gas Abatement Strategy reports, downloaded from the web-
site of the Asian Development Bank (ADB); http://ntweb03.asiandevbank.org/oes0019p.nsf/pages/sitemap  
 bAs cited by Yan et al. (2003); country communications downloaded from UNFCCC website; http://www.unfccc.de/resource/
natcom/nctable.html
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are net sinks and that this sink strength is reduced by 
conversion to agriculture (Keller et al., 1990; Keller 
and Reiners, 1994; Steudler et al., 1996; Verchot et al., 
2000). Data from the Peruvian Amazon and lowland 
humid tropics in Sumatra, Indonesia, reproduced in 
the Mutuo et al. (2005) review, indicate that the CH4 
sink strength for forests is around 96 kg CO2-eq ha-1 
yr-1, while agroforestry systems can consume between 
39 and 93 kg CO2-eq ha-1 yr-1 as CH4, and cropping 
systems can vary from CH4 sinks of 56 kg CO2-eq 
ha-1 yr-1 for low input systems to net sources of CH4 
emissions of 49 kg CO2-eq ha-1 yr-1 for high input 
systems, with cassava as an example crop giving a sink 
strength of 48 kg CO2-eq ha-1 yr-1 (Tsuruta et al., 2000; 
Palm et al., 2002; scaled up from data in μg C m-2 h-1, 
assuming a constant rate).
2.6 Greenhouse gas emissions from 
land use change
As discussed in section 2.1, the conversion of 
uncultivated to cultivated land is thought to contribute 
5.9 ± 2.9 Pg CO2-eq yr-1 globally, representing 6-17 % 
of total GHG emissions (Bellarby et al., 2008). Th is 
fi gure indicates both the signifi cant contribution and 
the degree of uncertainty surrounding this issue.
Since 1960, agricultural area has increased from 
just under 4.5 to just over 4.9 billion ha in 2007 
(FAOSTAT, 2009). During the last 20 years, there 
has been an overall increase in agricultural area from 
4.86 billion ha in 1990, but showing year to year 
fl uctuations, with the greatest area of 4.98 billion ha 
recorded in 2001.
Th e close to tripling of global food production 
since 1960 has largely been met through increased 
food production per unit area. For example, Bruinsma 
(2003) suggests that 78% of the increase in crop 
production between 1961 and 1999 was attributable 
to yield increases, and 22% to expansion of harvested 
area, showing that whilst global agricultural area 
has increased only slightly, the agricultural land is 
managed more effi  ciently. Land use has therefore 
changed, despite smaller changes in land cover. 
While yield increases have outpaced increases in 
harvested area in most regions, the proportions 
vary. For example, 80% of total output growth was 
derived from yield increases in South Asia, compared 
to only 34% in sub-Saharan Africa. In industrial 
countries, where the amount of cultivated land 
has been stable or declining, increased output was 
derived predominantly through the development 
and adoption of agricultural knowledge, science and 
technology, which has served to increase yields and 
cropping intensity (van Vuuren et al., 2008). Th e 
role of land use change and adoption of agricultural 
knowledge, science and technology has, therefore, 
varied greatly between regions. In some regions, 
particularly in Latin America, the abundance of land 
has slowed the introduction of new technologies (van 
Vuuren et al., 2008). 
2.7 Indirect emissions from crop 
production
2.7.1 Emissions from fertilizer production 
and distribution
Bellarby et al. (2008) estimate that the production of 
fertilizers emits between 284 and 575 Tg CO2-eq yr-1, 
representing 0.6-1.2 % of total global GHG emissions 
Table 2. CH
4
 oxidation levels for aerobic agricultural soils (adapted from Boeckx and Van Cleemput, 2001)
Site description Oxidation level, mean and/or range 
(kg CO2-eq ha-1 yr-1)a
Reference
Arable, Scotland 59 (1-153) Dobbie et al., 1996
Arable, Denmark 17 (6-24) Dobbie et al., 1996
Arable, Poland 17 Dobbie et al., 1996
Winter wheat and maize 7-10 Bronson and Mosier, 1993
Arable, England 0-11 Goulding et al., 1996
Arable 3-17 Mosier and Schimel, 1991
Arable, UK 25-109 Dobbie and Smith, 1994
Arable, UK 15 Willison et al., 1995
Wheat, UK 69 Dobbie and Smith, 1996 
Set-aside, UK 13-50 Dobbie and Smith, 1996 
Abandoned farmland 24 Ambus and Christensen, 1995
aConverted from mg CH
4
 m-2 d-1, assuming the same daily rate year round.
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from all sources. Th is is mainly due to the energy 
required, although nitrate production also generates 
N2O emissions. In total, fertilizer production uses an 
estimated 1.2 % of global energy demand annually, of 
which 94 % is used for all N fertilizer production and 
87 % for ammonia production (IFA, 2009a). However, 
the actual energy consumed during production can 
vary widely as very modern fertilizer plants have the 
potential to effi  ciently use the heat produced during 
the reaction process and, therefore, may even be 
net energy producers. Th e most effi  cient ammonia 
production plants use natural gas as a feedstock and 
consume around 32 GJ per t ammonia, corresponding 
to 1.8 t CO2 per t ammonia. Th e use of other feedstocks 
(naphtha, fuel oil, coal) requires a somewhat higher 
energy consumption of around 45 GJ per t ammonia, 
resulting in 4.1 t CO2 emissions per t ammonia (IFA, 
2009a). Phosphorus and potassium based fertilizers 
require around a tenth of energy needed for N based 
fertilizers (Lal, 2004b) with corresponding lower CO2 
emissions (IFA, 2009a).
N2O emissions from the production of nitric acid 
(which is used for the production of ammonium 
nitrate based fertilizers) are in the range of 6-8 kg 
N2O per t acid (1.8-2.4 t CO2-eq per t acid) for an 
average medium-pressure plant that has not installed 
N2O abatement technology (IFA, 2009a) (see section 
4.10.1 for details of the mitigation potential of this 
technology). Holba (2009) reports that the production 
of ammonium nitrate fertilizer emits just under 4 t 
CO2-eq per t N using the best available technology in 
European production plants, while urea production 
emits around 3 t CO2-eq per t N. Due to its high GWP, 
N2O is thought to contribute 74 Tg CO2-eq yr-1 (26%) 
of the total global GHG emissions from fertilizer 
production, which were estimated as 283 Tg CO2-eq 
yr-1 by Kongshaug (1998). Table 3 shows an update of 
the estimate of fertilizer-associated emissions made 
by Bellarby et al. (2008), using emission levels from 
Lal (2004b), which include transport and storage 
as well as production, and the latest data on global 
fertilizer production levels from the IFA.
Using updated energy requirements and correcting 
for proportions of diff erent fertilizer products, the 
latest estimate by the IFA is 420 Tg CO2-eq for 2007; 
382.8 Tg CO2-eq for production (not including 
ammonia etc. which is used for industrial purposes 
rather than fertilizers) plus 37.2 Tg CO2-eq for 
transport and distribution (IFA, 2009a). Th is means 
that globally, emissions from fertilizer production, 
distribution, and storage account for around 0.8 % of 
total global GHG emissions. Th e potential to mitigate 
these emissions by further implementation of best 
practice technology is discussed in section 4.10.1.
2.7.2 Emissions associated with other 
agrochemicals
Th e production of crop protection products is 
estimated to account for 3-140 Tg CO2-eq yr-1 by 
Bellarby et al. (2008), based on per km2 emissions of 
220-9220 kg CO2-eq, calculated using emissions per 
kg from Lal (2004c) and an application rate of 0.5-
2 kg ha-1 based on Clemens et al. (1995), multiplied 
by a total cropland area of 15.41 million km2 (in 
2003; FAOSTAT, 2007). A recent study into herbicide 
application, energy effi  ciency and CO2 emissions 
from cereal cropping, reported that the application 
of herbicides increases CO2 emissions by 4.4 %, 
because of the energy required for the production 
and application of the herbicides, as well as the greater 
amount of energy required for harvesting caused by 
higher yields, but that overall, herbicide application 
increased energy effi  ciency, with emissions per unit of 
grain equivalent produced reduced by 36.4 % (Deike 
et al., 2008). Similarly, Berry et al. (2008) report that 
fungicide application to UK wheat crops produces 
CO2 emissions of 0.06 Tg CO2-eq yr-1, but that 
emissions per unit of grain produced are reduced, 
such that an extra 0.93 Tg CO2-eq would be produced 
Table 3. Total annual GHG emissions from the production, distribution and storage of mineral fertilizers, using 
Bellarby et al. (2008) methodology.
Fertilizer type Total emissions 
(kg CO2-eq kg-1 of fertilizer 
nutrient produced)a
World production in 2007 
(Tg of nutrient)b
Total global GHG emission 
(Tg CO2-eq yr-1)
N 3.3 - 6.6 104.9 346.17 - 692.34
P 0.36 - 1.1 54.4 19.58 - 59.84
K 0.36 - 0.73 33.4 12.02 - 24.38
Total 192.7 377.77 - 776.56
aTaken from Lal (2004b)
bIFA, 2009a. N products used for industrial purposes are not included
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per year to maintain the same yield without fungicide 
applications, because reduced yields would mean 
greater areas would need to be cultivated. A similar 
argument can be made if yields are reduced due to 
under-fertilization, since additional land would be 
required to replace the lost product. Th e magnitude 
of these “displaced emissions” from reduced yield 
depends upon where the new cropland is sourced 
(Carlton et al., 2009).
2.7.3 On-farm energy use emissions
Farm operations such as tillage, seeding, application 
of agrochemicals and harvesting are variable across 
the globe, with emissions ranging between 59 and 
257 Tg CO2-eq yr-1 (Bellarby et al., 2008; see Table 
4.). Th ese calculations agree with Frye (1984), who 
reported that tillage and harvest represent the greatest 
proportion of fuel consumption within intensive 
conventional agricultural systems. Irrigation is 
estimated to emit 3.44-4.44 t CO2-eq km-2 yr-1 (Lal, 
2004b), leading Bellarby et al. (2008) to estimate 
global emissions of between 50 and 680 Tg CO2-eq 
yr-1, although this is based on total global cropland 
areas and is therefore likely to be an overestimate, 
given that not all cropland is irrigated. According to 
the FAO AQUASTAT database, around 20 % of global 
croplands are irrigated, so emissions from irrigation 
may actually be more in the range of 10-136 Tg CO2-
eq yr-1.
In terms of global energy use, agriculture 
consumes a relatively low proportion of fossil fuels 
(Saurbeck, 2001); even high intensity farming in well 
developed industrialized countries only consumes 
about 3-4.5 % of the countries’ total energy budget, 
if only primary farm production and not secondary 
food industry activities (i.e. processing, preserving 
and transport) are taken into account (CAST, 1992; 
Enquete Commission, 1995). According to Nelson 
et al. (2009), energy use for crop production in the 
USA accounted for CO2 emissions of 78.8-85.1 Tg 
yr-1 between 1990 and 2004. See section 4.10.2 for 
discussion on the mitigation of this class of emissions.
Table 4. GHG emissions from the use of farm machinery for different operations (adapted from Bellarby et al., 2008)
Operation type Emission level 
(kg CO
2
-eq ha-1)a
Estimated global emissions 
(Tg CO
2
-eq yr-1)b
Tillage 4.40-73.60 7-113
Application of agrochemicals 1.80-37.00 3-57
Drilling or seeding 8.10-14.30 15-22
Combine harvesting 22.10-42.10 34-65
Total 59-257
aCalculated from data in Lal (2004c)
bCalculated using the area under permanent crops and arable land (15.41 million km2) in 2003 (FAOSTAT, 2007).
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Baseline predictions are based on ‘business-as-usual’ scenarios that assume current trends in 
agricultural production (see below) will continue, 
such that the world will continue to develop much 
as it does today, and that no new policies will be 
introduced, either in response to these developments 
or to reduce GHG emissions. Th ey are used, therefore, 
to help assess the possible impact of individual policy 
changes or mitigation options on future emission 
levels. 
3.1 General trends in future agriculture
Th e IPCC Working Group III (contribution to the 
IPCC Fourth Assessment Report, Smith et al., 2007a) 
considered the main trends in the agricultural sector 
with implications for future GHG emissions to be:
Land use and productivity
Land productivity will continue to increase, albeit at a 
declining rate, as further technological progress gives 
declining returns, and greater use is made of marginal 
land with lower productivity. Th is increases the risk 
of soil erosion and degradation, with highly uncertain 
consequences for CO2 emissions (Lal, 2004a; Van 
Oost et al., 2004).
Tillage practices
Conservation tillage and zero-tillage are increasingly 
being adopted (accounting for 3.5 % of arable land by 
1999, according to the FAO (2001)), reducing energy 
usage from reduced on-farm fuel use, despite higher 
embedded energy in the increased herbicide use, and 
oft en increasing carbon storage in soils. However, 
assessing the eff ect of this on the GHG balance is 
diffi  cult, especially as they are oft en combined with 
periodic tillage.
Additional inputs
Irrigation and fertilizer use increases will be 
required to support increasing productivity, in turn 
increasing energy demands (for moving water and 
manufacturing fertilizer; Schlesinger, 1999). Th is 
may lead to increased GHG emissions on a per-area 
basis (Mosier, 2001), although this depends on the 
effi  ciency of water and fertilizer use, and lower GHG 
emissions per-unit-product.
Livestock
Growing demand for meat is likely to induce changes 
in land use, particularly increases in grassland, and 
also increased demand for animal feeds (e.g. cereals), 
with associated increases in CO2 emissions. Larger 
herds of beef cattle will increase emissions of CH4 
and N2O, although this may be partially mitigated 
by the use of intensive systems (with lower emissions 
per unit product), which are expected to increase at 
a faster rate than grazing-based systems. Increases in 
manure production will also increase GHG emissions.
Transport and energy
Changes in policies such as subsidies, and regional 
patterns of production and demand are causing 
an increase in international trade of agricultural 
products. Th is is expected to increase CO2 emissions, 
due to greater use of energy for transportation. 
However, there is also an emerging trend for greater 
use of agricultural products (e.g. bioplastics, biofuels 
and biomass for energy) as substitutes for fossil fuel-
based products, which has the potential to reduce 
GHG emissions in the future.
3.2 Overview of baseline predictions
When the IPCC Fourth Assessment Report (Smith 
et al., 2007a) was prepared, no baseline agricultural 
non-CO2 GHG emission estimates for the year 2030 
had been published. Instead, the report includes an 
estimate based on the US-EPA (2006a) prediction that 
aggregate emissions will increase by ~13 % during the 
decades 2000-2010 and 2010-2020. Assuming similar 
rates of increase (10-15 %) for 2020-2030, agricultural 
emissions might be expected to rise to 8000–8400 Tg 
CO2-eq yr-1, with a mean of 8300 Tg CO2-eq by 2030. 
Vergé et al. (2007) are in broad agreement with this, 
predicting that non-CO2 emissions from agricultural 
production (excluding those from biomass burning) 
will reach 8189 Tg CO2-eq by 2030. Th ese increases 
will be driven by increases in production to support 
population growth in areas such as South and East 
Asia, Latin America and Africa, and increased 
affl  uence leading to changes in dietary preferences 
and increased commercialization of production, with 
associated increases in fertilizer usage and animal 
rearing (Smith et al., 2007a). Rosegrant et al. (2001) 
3. Future baseline emissions
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project that an additional 500 Mha will be converted 
to agriculture during 1997-2020, mostly in Latin 
America and Sub-Saharan Africa, and that there will 
be a 57 % increase in global meat demand over the 
same period, mostly in South and Southeast Asia, and 
Sub-Saharan Africa.
Using a baseline scenario taken from a study 
published by the Netherlands Environmental 
Assessment Agency (MNP, 2006), which projects 
the world developing over the next decades 
very much as it does today, without anticipating 
deliberate interventions or responses to the projected 
developments, and with no implementation of 
policies for emission reduction, Verburg et al. (2008) 
report modelled GHG emissions up to 2050. Th ey 
predict that CO2 emissions from land use (agriculture 
including land-use change) will show a net increase 
of approximately 18 Tg yr-1 between 2000 and 2015, 
with the strongest increases in Asia, Africa and the 
Americas, while a decrease in emissions is found in 
China. Between 2015 and 2030, there will be a global 
net decrease in CO2 emissions of approximately 30 
Tg yr-1, with largest declines in Latin America, Asia, 
and the OECD Pacifi c, and increased emissions in 
Europe, Russia, Africa and North America. By 2030, 
the modelling study estimates that CH4 emissions 
from ruminants and manure will reach around 3200 
Tg CO2-eq yr-1, and N2O emissions (soil including 
fertilizer, and manure emissions) will reach around 
1300 Tg CO2-eq yr-1, with both gases showing the 
strongest increases in Africa.
Focusing on emissions related to crop production, 
N2O from agricultural soils, the largest contributor to 
agricultural GHG emissions, is predicted to increase 
by 47 % (compared to 1990 levels) to 2937 Tg CO2-
eq by 2020 by the US-EPA (2006a), while the FAO 
estimates a 35-60 % increase in total agricultural N2O 
emissions (including those from manure) by 2030 
(FAO, 2003). CH4 emissions from rice cultivation are 
predicted to increase from 601 Tg CO2-eq in 1990 to 
776 Tg CO2-eq by 2020 (US-EPA, 2006a), assuming a 
sustained increase in irrigated production. Th e FAO, 
however, forecasts that the global area under rice 
cultivation will grow by just 4.5 % to 2030 (FAO, 2003) 
and, therefore, emissions may increase little from this 
source, especially if rice is grown under continuously 
fl ooded conditions, or if new lower CH4 emitting rice 
cultivars are developed and adopted (Wang et al., 
1997). Future CO2 emission levels from agriculture 
are uncertain, but most likely to decrease or remain at 
low levels, for example due to increased adoption of 
conservation tillage practices (FAO, 2001). However, 
if emissions from land use change are included, CO2 
emissions may increase; Verburg et al. (2008) suggest 
a strong increase of CO2 emissions up to 2020, caused 
by land clearing of natural vegetation for agricultural 
land use in Africa, Latin America, Southeast Asia 
including Indonesia, and South Asia including India.
3.3 Regional trends
Th e IPCC Fourth Assessment (Smith et al., 2007a) 
considers that the highest projected growth in 
emissions is for the Middle East and North Africa, 
and Sub-Saharan Africa, with a combined 95% 
increase in the period 1990 to 2020 (US-EPA, 2006a). 
Sub-Saharan Africa is the one region of the world 
where per-capita food production is currently either 
in decline, or roughly constant at a level that is not 
adequate (Scholes and Biggs, 2004), in part due to 
low and declining soil fertility (Sanchez, 2002) and 
inadequate fertilizer inputs. Th e slowly rising wealth 
of urban populations is likely to increase demand 
for livestock products, resulting in intensifi cation 
of agriculture and expansion into areas which are 
currently largely unexploited, particularly in Southern 
and Central Africa (including Angola, Zambia, DRC, 
Mozambique and Tanzania), and a consequent 
increase in GHG emissions. However, Vergé et al. 
(2007) consider that, in Africa, the AIDS epidemic 
may impact on this projected growth as, according to 
FAO estimates, AIDS has killed some seven million 
of Africa’s agricultural workers and could result in 
16 million more deaths by 2020, removing nearly 
a quarter of African agricultural workers from the 
labour pool within 20 years (CGIAR, 2001). On the 
other hand, since current agricultural practices in 
Africa are extremely labour-intensive, a shrinking 
workforce means that there is a need for increased 
productivity per worker (as well as per hectare) unless 
workers can be lured back to agriculture through 
improved rural livelihoods. Verburg et al. (2008) 
estimate that African CH4 emissions from ruminants 
and manure will increase by approximately 10 Tg 
CO2-eq yr-1 in 2000-2015, and by approximately 12 
Tg CO2-eq yr-1 in 2015–2030, while N2O emissions 
from soils and manure from the region will increase 
by approximately 3 Tg CO2-eq yr-1 in 2000-2015, and 
by approximately 4 Tg CO2-eq yr-1 in 2015-2030. 
In East Asia, a large increase in GHG emissions 
from animal sources is projected. Between 1961 and 
2004, total production of meat in Asian developing 
countries increased more than 12 times and milk 
production by more than four times (FAOSTAT, 2006). 
Since the per-capita consumption of meat and milk 
is still much lower in these countries in comparison 
with developed countries, these trends are expected 
to continue for a relatively long time, and accordingly, 
US-EPA (2006a) forecast increases of 153% and 86% 
in emissions from enteric fermentation and manure 
management, respectively, from 1990 to 2020. In 
South Asia, emission increases are mostly due to 
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expanding use of N fertilizers and manure to meet 
demands for food, resulting from rapid population 
growth. Verburg et al. (2008) estimate that CH4 
emissions (from ruminants and manure) from South 
Asia will increase by ~8 Tg CO2-eq yr-1 in 2000-2015 
and ~4 Tg CO2-eq yr-1 in 2015-2030, while those from 
Southeast Asia will increase by ~2 Tg CO2-eq yr-1 in 
2000-2015, and ~1 Tg CO2-eq yr-1 in 2015-2030, and 
those from China will increase by ~4 Tg CO2-eq yr-1 
in 2000-2015, and by ~2 Tg CO2-eq yr-1 in 2015-2030. 
Emissions of N2O from soils and manure, meanwhile, 
are forecast to increase by a total of ~4 Tg CO2-eq yr-1 
in 2000-2015 for South and Southeast Asia combined, 
and by ~1 Tg CO2-eq yr-1 for China over the same 
period, while in 2015-2030, China shows a decline 
of ~1 Tg CO2-eq yr-1, with South and Southeast Asia 
together still increasing by a total of ~2 Tg CO2-eq yr-1 
(Verburg et al., 2008).
In Latin America and the Caribbean, agricultural 
products are the main source of exports. Signifi cant 
changes in land use and management have occurred, 
especially forest conversion to cropland and 
grassland, resulting in increased GHG emissions 
from soils (CO2 and N2O). Between 1961 and 2004, 
the cattle population increased linearly from 176 to 
379 million heads, partly off set by a decrease in the 
sheep numbers from 125 to 80 million heads. All other 
livestock categories have increased in the order of 30 
to 600 % since 1961, and cropland areas, including 
rice and soybean, and the use of N fertilizers have also 
shown dramatic increases (FAOSTAT, 2006). Another 
major trend in the region is the increased adoption of 
no-till agriculture, particularly in Brazil, Argentina, 
Paraguay and Uruguay. Th is is practised on ~30 Mha 
every year in the region, although it is not known how 
much of this is under permanent no-till management 
(Smith et al., 2007a). Verburg et al. (2008) estimate 
that agricultural CH4 emissions from Latin America 
(including Brazil) will increase by ~8 Tg CO2-eq yr-1 
in 2000-2015 and by ~6 Tg CO2-eq yr-1 in 2015-2030, 
while agricultural N2O emissions from the same 
region will increase by ~1.5 Tg CO2-eq yr-1 in 2000-
2015 and by ~0.5 Tg CO2-eq yr-1 in 2015-2030.
In the countries of Central and Eastern Europe 
and Central Asia, agricultural production is currently 
about 60-80% of that in 1990, but is expected to 
grow by 15-40 % above 2001 levels by 2010, as 
these countries increase in wealth. Arable land area 
is forecast to increase by 10-14 % for the whole of 
Russia due to agricultural expansion. Th e widespread 
move to more intensive management could result in 
a 2 to 2.5-fold rise in grain and fodder yields, with 
a consequent reduction in arable land, but possible 
increase N fertilizer use. Decreases in fertilizer N 
use since 1990 have led to a signifi cant reduction 
in N2O emissions but, under favourable economic 
conditions, applications are expected to rise again, 
although they are unlikely to reach pre-1990 levels in 
the near future (Smith et al., 2007a). US-EPA (2006a) 
projects a 32% increase in N2O emissions from soils 
in these two regions between 2005 and 2020, which is 
equivalent to an average increase rate of 3.5 Tg CO2-
eq yr-1. In comparison, Verburg et al. (2008) estimate 
that agricultural N2O emissions from Eastern Europe, 
Central Asia, Russia and the Caucasus will increase by 
~2 Tg CO2-eq yr-1 in 2000-2015, and by ~1 Tg CO2-
eq yr-1 in 2015-2030. Emissions of CH4 for the region 
are predicted to increase by ~1 Tg CO2-eq yr-1 in 
2000-2015, and by ~0.5 Tg CO2-eq yr-1 in 2015-2030 
(Verburg et al., 2008).  
Th e only developed regions showing a consistent 
increase in GHG emissions in the agricultural sector 
are North America and developed countries of the 
Pacifi c, with increases of 18 % and 21 %, respectively, 
between 1990 and 2020. In both cases, this trend 
is largely driven by CH4 and N2O emissions from 
manure management and soils. In Oceania, N 
fertilizer use, although still very low in international 
terms, has increased sharply with a fi ve fold increase 
since 1990 in New Zealand and a 2.5 fold increase in 
Australia over the same period (Smith et al., 2007a). 
Th e practice of burning sugar cane residues in 
Australia may contribute to this as it reduces nutrient 
returns to the soil (Vergé et al., 2007). In contrast, 
North American N fertilizer use levels have remained 
stable for around 25 years and here the main driver 
for increasing emissions is management of manure 
from cattle, poultry and swine production, and 
manure application to soils. Th e US-EPA estimates 
that CH4 and N2O emissions associated with manure 
management have increased by almost 40 % (added 
together, on a CO2-eq basis) between 1990 and 
2007 (US-EPA, 2009). In both regions, conservation 
policies have reduced CO2 emissions from land 
conversion; land clearing in Australia has declined by 
60 % since 1990 with vegetation management policies 
restricting further clearing, while, in North America, 
some marginal croplands have been returned to 
woodland or grassland (Smith et al., 2007a). Verburg 
et al. (2008) provide more conservative estimates 
which do not include increases from 1990 to 2000. 
Th ey estimate that CH4 emissions from North 
America will increase by ~2 Tg CO2-eq yr-1 in 2000-
2015 and by <1 Tg CO2-eq yr-1 in 2015-2030, while 
N2O emissions from the region will increase by <1 
Tg CO2-eq yr-1 in 2000-2015 and decrease by <0.5 Tg 
CO2-eq yr-1 in 2015-2030. For Oceania, even smaller 
increases in CH4 are predicted and changes in N2O 
emissions are negligible.
Western Europe is the only region where, according 
to the US-EPA (2006a), GHG emissions from 
agriculture are projected to decrease by 2020. Th is is 
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associated with the adoption of a number of climate-
specifi c and other environmental policies in the 
European Union (EU), as well as economic constraints 
on agriculture. For example, successive reforms of the 
Common Agricultural Policy (CAP) since 1992 have 
contributed to GHG reduction, and the 2003 EU CAP 
reform is expected to continue this trend, mainly 
through reduction of animal numbers (Binfi eld et al., 
2006). Verburg et al. (2008) predict a decline in CH4 
emissions, but these are outweighed by an increase in 
N2O emissions. However, the baseline scenario in this 
study does not include the implementation of any new 
agricultural or environmental policies, and Central 
Europe is included in the same category as Western 
Europe so the region is not directly comparable either. 
Table 5 shows the projected non-CO2 agricultural 
emission levels (excluding biomass burning) for the 
six World Meteorological Organization Regional 
Associations for 2015 and 2030, calculated by Vergé 
et al. (2007) based on projected 
food requirements, given 
population evolution according 
to the World Resource Institute 
(2004) and FAO (2004). Th e 
latest inventory from the US-
EPA suggests that the increases 
in emissions for this region 
may have been over-estimated, 
as non-CO2 emissions from US 
agriculture have only increased 
by 7.5 % on a CO2-eq basis 
between 1990 and 2007 (US-
EPA, 2009). 
3.4 Future fertilizer use and associated 
emissions
Erisman et al. (2008) used the IPCC Special Report 
on Emission Scenarios (SRES) (Nakicenovic et al., 
2000) to predict future fertilizer demand depending 
on economic, demographic and technological 
developments, specifi cally population growth, N 
use effi  ciency, biofuel production, increased meat 
consumption and other dietary changes. Th ey estimate 
N fertilizer demand will be between approximately 
100 and 140 Tg N by 2030. In comparison, the FAO 
(2000) predict baseline fertilizer consumption by 
2030 of around 135 Tg N and also give an estimate 
of 95 Tg N based on a scenario of improved nutrient 
use effi  ciency, and Tilman et al. (2001) forecast 
usage of 135 Tg N by 2020, increasing to 236 Tg 
by 2050, suggesting a level of around 170 Tg N by 
2030 if a linear increase is assumed. Work done by 
Table 5. Projected non-CO
2
 emissions (Tg CO
2
-eq yr-1) from agricultural production (excluding biomass burning) for 
2015 and 2030 by region (adapted from Vergé et al., 2007).
2015 2030
Region emissions change 2015-2000 emissions change 2030-2000
Africa 796 27 % 1422 127 %
Asia 3203 20 % 3788 42 %
S. America 966 28 % 1207 59 %
N. and Central America 789 11 % 877 23 %
SW Pacifi c 296 12 % 329 25 %
Europe 594 -5 % 566 -10 %
World total 6644 17 % 8189 45 %
Figure 3.  World mineral N fertilizer consumption since 1961 (IFADATA, 2009), 
with forecast trend lines assuming mean increase rate from 1996-2006 (red 
line) or 2001-2006 (green line).
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the International Energy Agency (IEA) suggests a 
baseline consumption of 121 Tg N yr-1 by 2020 and 
129 Tg N yr-1 by 2030 but suggests that policy changes 
promoting the use of biofuels could increase this 
to 128 Tg N yr-1 by 2020 and 149 Tg N yr-1 by 2030 
(Gielen, 2006). Figure 3 illustrates the increase in 
world N fertilizer consumption from 1961 to 2006 
according to the IFA, indicating that the decline in N 
applications from the late 1980s due to the collapse 
of the Former Soviet Union only lasted until 1994, 
and more recently levels have increased steadily. 
Assuming the mean increase rate of either 1996-
2006 (red line on Figure 3) or 2001-2006 (green line), 
which illustrates the sudden increase in demand 
partly caused by interest in biofuels, gives a business-
as-usual baseline consumption of 118-137 Tg N yr-1 
by 2020, and 132-166 Tg N yr-1 by 2030. 
Currently, the IFA forecasts that N fertilizer 
consumption will reach 102 Tg N yr-1 in 2009/10 
(Heff er and Prud’homme, 2009) in light of current 
economic problems, and 111.1 Tg N yr-1 by 2013/14, 
which suggests growth may be nearer the lower 
estimate, at least for the next few years. Even so, this 
lowest business-as-usual projection of mineral N 
fertilizer consumption of 118 Tg N yr-1 by 2020 may 
produce soil N2O emissions of around 550 Tg CO2-eq 
yr-1 (assuming a 1 % EF), which is an increase of 24 % 
over 20 years using the estimate for 2000 made by Vergé 
et al (2007). Th is will also increase indirect emissions 
associated with fertilizer production, with the 
increase being highly dependent on the proportion of 
production plants using the best available technology 
(BAT). For example, new ammonia production plants 
using BAT today produce less than 40 % of the GHG 
emissions of the average plant using coal, naphtha or 
oil as a feedstock (IFA, 2009a) (see sections 2.7.1 and 
4.10.1).
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4.1 Mitigation options and mechanisms
Agricultural GHG fl uxes are produced by complex 
and heterogeneous mechanisms, but the active 
management of agricultural systems off ers possibilities 
for mitigation, many using current technologies which 
could be implemented immediately. Th ese mitigation 
practices include cropland management, grazing 
land management, management of agricultural 
organic soils, restoration of degraded lands, livestock 
management, manure/biosolid management, and 
bioenergy production. Th is report will focus on 
practices related to cropland, and particularly to 
nutrient management. 
Mitigation opportunities can be based on 
reducing emissions, enhancing removals or storage, 
or avoiding or displacing emissions (Smith et al., 
2007b). Th is third category includes using biofuels 
instead of fossil fuels and avoiding bringing new areas 
of land under agricultural cultivation. Practices that 
reduce emissions seek to better manage the fl ows of 
carbon and N within the agricultural ecosystem. For 
example, practices that increase crop N use effi  ciency 
oft en reduce N2O emissions (Bouwman, 2001). 
Practices that enhance removals or storage act to 
sequester carbon or build carbon sinks, by increasing 
the photosynthetic input of carbon and/or slowing 
the return of stored carbon to CO2 via respiration, 
fi re or erosion. Agricultural ecosystems contain large 
carbon reserves (IPCC, 2001a), mostly in the form 
of soil organic matter. Historically, these systems 
have lost more than 50 Pg C (Paustian et al., 1998; 
Lal, 1999, 2004a), but some of this can be recovered 
through improved management. Vegetation can also 
store signifi cant amounts of carbon in agro-forestry 
systems or other perennial plantings on agricultural 
lands (Albrecht and Kandji, 2003). Agricultural lands 
have been shown to remove CH4 from the atmosphere 
by oxidation processes, although forests remove more 
(Tate et al., 2006), and this eff ect is small compared to 
other GHG fl uxes (Smith and Conen, 2004).
Many practices have been suggested to mitigate 
emissions, and they oft en work by more than one 
mechanism, and aff ect more than one gas, sometimes 
in opposite ways. Th erefore, it is important to consider 
the net benefi t, which depends on the combined 
eff ects on all gases (Robertson and Grace, 2004; Schils 
et al., 2005; Koga et al., 2006). Temporal patterns of 
emissions also need to be taken into consideration, as 
these may vary between practices or for diff erent gases 
for a given practice; in some cases, emissions can be 
reduced indefi nitely, while other reductions may be 
temporary (Marland et al., 2003a; Six et al., 2004). 
Finally, it must be considered whether practices aff ect 
radiative forcing through other mechanisms; for 
example, aerosols or albedo (Marland et al., 2003b; 
Andreae et al., 2005).
4.2 Overview of cropland management 
mitigation practices
Croplands have a high potential for mitigating net 
GHG emissions as they are oft en intensively managed. 
Practices that could be implemented fall into the 
following partially overlapping categories:
4.2.1 Agronomy
Improved agronomic practices increase yields and 
generate higher inputs of carbon residue and can, 
therefore, increase soil carbon storage (Follett, 2001). 
Examples include using improved crop varieties, 
extending crop rotations, especially those with 
perennial crops that allocate more carbon below 
ground, and avoiding or reducing fallow periods 
(West and Post, 2002; Lal, 2003, 2004a; Freibauer et 
al., 2004; Smith, 2004a, b). Adding more nutrients, 
when the soil is poor, can also promote soil carbon 
gains (Alvarez, 2005), but the benefi ts may be off set 
by higher N2O emissions from soils and CO2 from 
fertilizer manufacture (Schlesinger, 1999; Pérez-
Ramírez et al., 2003; Robertson, 2004; Gregorich et 
al., 2005).
Emissions per hectare can also be reduced by using 
cropping systems that are less reliant on fertilizers, 
pesticides and other inputs, thereby reducing GHG 
costs from their production as well (Paustian et al., 
2004). Th e use of rotations with legume crops is an 
important example of this (West and Post, 2002; 
Izaurralde et al., 2001), as the biologically fi xed N 
reduces the need for external N inputs, although it 
can still be a source of N2O emissions (Rochette and 
Janzen, 2005; Parkin and Kaspar, 2006; Ciampitti et al., 
2008). Th e GHG balance of legumes may not always 
be as straightforward as this suggests. Soybeans in 
rotation with maize have been shown to reduce soil 
carbon storage in comparison with continuous maize 
under some management practices (Adviento-Borbe 
et al., 2007). It has been suggested that the greater 
4. Mitigation potential
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amount of N available to maize crops planted aft er 
soybeans is not due to a net input of N from the 
atmosphere, but instead the result of mineralization 
of soybean residues and enhanced mineralization of 
soil organic matter because soybean residues have a 
lower C:N ratio than maize residues (Salvagiotti et 
al., 2008). Reducing emissions per unit area may not 
reduce total GHG emissions from crop production if 
the measures reduce productivity and require extra 
land to be taken into agricultural production (Carlton 
et al., 2009).
Another group of agronomic practices are those 
that provide temporary vegetative cover between 
successive agricultural crops, or between rows of tree 
or vine crops, known as ‘catch’ or ‘cover’ crops. Th ese 
add carbon to soils (Arrouays et al., 2002; Barthès et 
al., 2004; Freibauer et al., 2004; Ogle et al., 2005) and 
may also reduce N2O emissions by extracting plant-
available N unused by the preceding crop (Velthof and 
Kuikman, 2000). Th e mitigation potential of various 
measures within this category is discussed further in 
section 4.8 below.
4.2.2 Nutrient management
Nitrogen applied in the form of fertilizers, manures, 
biosolids and other N sources is not always used 
effi  ciently by crops (Galloway et al., 2003; Cassman et 
al., 2003), and the surplus is particularly susceptible to 
emission of  N2O (McSwiney and Robertson, 2005). As 
a result, improving N use effi  ciency (NUE) can reduce 
N2O emissions, both on- and off -site, by also reducing 
leaching and volatile losses, and indirectly reduce GHG 
emissions from N fertilizer manufacture (Schlesinger, 
1999). Practices that improve NUE include adjusting 
application rates based on precise estimation of crop 
needs; using slow- or controlled-release fertilizers 
or nitrifi cation inhibitors (which slow the microbial 
processes leading to N2O formation); improving 
timing by applying N when it is least susceptible to 
loss, oft en just prior to plant uptake; making N more 
accessible to crop roots by placing it more precisely 
into the soil; or avoiding N applications in excess of 
immediate plant requirements (Robertson, 2004; 
Dalal et al., 2003; Paustian et al., 2004; Cole et al., 
1997; Monteny et al., 2006). In many countries, the 
fertilizer industry is advancing the principles of 
sound nutrient management via an approach termed 
“4R Nutrient Stewardship” (IFA, 2009b), promoting 
fertilizer best management practices. Measures 
within this category are discussed further below and 
their mitigation potential is examined for several case 
studies (see sections 4.5 and 4.6).
4.2.3 Tillage/residue management 
Advances in weed control methods and farm 
machinery now allow many crops to be grown with 
minimal tillage (reduced tillage) or without tillage (no-
till), and these practices are increasingly being used 
around  the world (e.g. Cerri et al., 2004). Because soil 
disturbance tends to stimulate carbon losses through 
enhanced decomposition and erosion (Madari et al., 
2005), reduced- or no-till agriculture oft en results in 
soil carbon gain, but this is not always the case (West 
and Post, 2002; Ogle et al., 2005; Gregorich et al., 
2005; Alvarez 2005). Some researchers (e.g. Baker et 
al., 2007; Baker and Griffi  s, 2005) have argued that 
sampling protocols have biased the results, and that 
diff erent tillage regimes aff ect the depth distribution 
of SOC, with conservation tillage leading the higher 
levels near the surface and conventional tillage giving 
higher C levels deeper in the soil profi le (Carter, 2005; 
Dolan et al., 2006), suggesting that some studies may 
report a redistribution rather than an increase in soil 
C (Powlson and Jenkinson, 1981; Machado et al., 
2003). Nevertheless, when such studies are excluded 
from analysis, most studies do show modest increases 
in SOC under zero/reduced tillage (Ogle et al., 2005). 
Adopting reduced- or no-till may also aff ect N2O 
emissions but the net eff ects, which seem to depend 
on soil and climatic conditions, are inconsistent 
and not well quantifi ed globally (Cassman et al., 
2003; Smith and Conen, 2004; Helgason et al., 
2005; Li et al., 2005;). In some areas, reduced 
tillage promotes N2O emissions, while elsewhere 
it may reduce emissions or have no measurable 
infl uence (Marland et al., 2001). No-tillage systems 
can, however, reduce CO2 emissions from energy 
use (Marland et al., 2003b; Koga et al., 2006).
Retaining crop residues also tends to increase soil 
C because they are the precursors for soil organic 
matter, which is the main C store in soil. Avoiding 
the burning of residues, e.g. mechanizing sugar cane 
harvesting and eliminating the need for pre-harvest 
burning (Cerri et al., 2004) also avoids emissions of 
aerosols and GHGs generated from fi re, although 
CO2 emissions from fuel use may increase. Th e 
eff ectiveness of these measures as mitigation practices 
in terms of their impacts on both C storage and N2O 
emissions are examined further below (see section 
4.7).
4.2.4 Water management
Around 18% of global croplands now receive 
supplementary water through irrigation (Millennium 
Ecosystem Assessment, 2005). Expanding this area 
(where water reserves allow) or using more eff ective 
irrigation measures can enhance C storage in soils 
through higher yields and residue returns (Follett, 
2001; Lal, 2004a). However, some of these gains may 
be off set by CO2 from energy used to deliver the 
water (Schlesinger 1999; Mosier et al., 2005) or from 
N2O emissions from higher moisture and fertilizer N 
inputs (Liebig et al., 2005). In humid regions, drainage 
can promote crop productivity (and hence soil C) 
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and may also suppress N2O emissions by improving 
aeration (Monteny et al., 2006). Any N lost through 
drainage, however, may be susceptible to loss as N2O 
(Reay et al., 2003). Modelled estimates of the global 
mitigation potential of this measure are given in Table 6.
4.2.5 Rice management
Cultivated wetland rice soils emit signifi cant quantities 
of CH4 (Yan et al., 2003), but emissions during the 
growing season can be reduced by various practices 
(Yagi et al., 1997; Wassmann et al., 2000; Aulakh et 
al., 2001). For example, draining the rice once or 
several times during the growing season reduces CH4 
emissions (Smith and Conen, 2004; Yan et al., 2003; 
Khalil and Shearer, 2006). Th is benefi t may be partly 
off set by increased N2O emissions though (Akiyama 
et al. 2005). Rice cultivars with low exudation rates 
could off er an important methane mitigation option 
(Aulakh et al., 2001; Hou et al., 2000). In the off -rice 
season, CH4 emissions can be reduced by improved 
water management, especially by keeping the soil 
as dry as possible and avoiding water logging (Cai 
et al., 2000, 2003; Kang et al., 2002; Xu et al., 2003). 
Adjusting the timing of organic residue additions (e.g. 
incorporating organic materials in the dry period 
rather than in fl ooded periods; Xu et al., 2000; Cai 
and Xu, 2004), and composting the residues before 
incorporation can also reduce CH4 emissions, and 
there is potential for producing biogas for use as fuel 
for energy production (Wang and Shangguan, 1996; 
Wassmann et al., 2000). Increasing rice productivity 
can also enhance soil organic C stocks (Pan et al., 
2006). Th e mitigation potential of this measure is 
discussed further in section 4.9 below.
4.2.6 Agro-forestry
Agro-forestry is the production of livestock or food 
crops on land that is also used to grow trees for 
timber, fi rewood, or other wood products. It includes 
shelter belts and riparian zones/buff er strips with 
woody species. Th e standing stock of carbon above 
ground is usually higher than the equivalent land use 
without trees, and planting trees may also increase 
soil carbon sequestration (Oelbermann et al., 2004; 
Guo and Giff ord, 2002; Mutuo et al., 2005; Paul et 
al., 2003). Th e eff ects on N2O and CH4 emissions are 
not well known however (Albrecht and Kandji, 2003). 
Modelled estimates of the global mitigation potential 
of this measure are given in Table 6, and although 
not hugely signifi cant at a global scale, it may play 
an important role in developing countries. Pandey 
(2002) provides a comprehensive review, while 
Makundi and Sathaye (2004) reviewed studies of C 
mitigation potential from seven developing countries 
with a focus on agro-forestry, and concluded that 
such practices could contribute up to 21 % of total 
mitigation potential from forestry-related practices, 
and are particularly cost-eff ective. Albrecht and 
Kandji (2003) estimate that the C sequestration 
potential of agro-forestry systems is between 12 and 
228 t ha-1, with a median value of 95 t C ha-1, meaning 
that such practices could store 1.1-2.2 Pg C over the 
next 50 years, the equivalent to removing between 4 
and 8.1 Pg CO2-eq from the atmosphere (based on 
global area that is suitable for the practice of 585-1215 
Mha).
4.2.7 Land cover (use) change
One of the most eff ective methods of reducing 
emissions is oft en to allow or encourage the 
reversion of cropland to another type of land cover, 
typically one more similar to the native vegetation. 
Th is conversion can occur over the entire land area 
(‘set-asides’), or in localized spots, such as grassed 
waterways, fi eld margins or shelterbelts (Follett, 2001; 
Freibauer et al., 2004; Lal, 2004b; Falloon et al., 2004; 
Ogle et al., 2003), and it oft en increases C storage. 
For example, converting arable cropland to grassland 
typically results in the accrual of soil C because soil 
disturbance is lower and C removal in harvested 
products is reduced. Compared to cultivated lands, 
grasslands may also emit less N2O due to lower N 
inputs, and also have higher rates of CH4 oxidation, 
although recovery of this may be slow (Paustian et 
al., 2004). Similarly, converting drained croplands 
back to wetlands can result in rapid accumulation of 
soil C (removal of atmospheric CO2). However, this 
conversion may stimulate CH4 emissions, because 
water logging creates anaerobic conditions (Paustian 
et al., 2004). Aff orestation is another example of land 
use change to increase C storage. Th is type of land 
cover (or use) conversion comes at the expense of 
lost agricultural productivity, and is therefore usually 
an option only on surplus agricultural land or on 
croplands of marginal productivity. Table 6 gives 
modelled estimates of the global mitigation potential 
of this measure, and see Smith et al. (2007a). 
As the global population is forecast to increase, 
rising food demand will drive increased agricultural 
productivity, and the more likely pressure on land 
use is towards more cropland rather than less. Just as 
removing land from agricultural production is a very 
eff ective measure for lowering GHG emissions, the 
reverse trend has the potential to signifi cantly increase 
them. As discussed in section 2.1, CO2 uptake and 
fl uxes in agriculture are almost balanced currently 
(excluding indirect emissions from energy and fuel 
use), but land use change towards more cultivation 
may contribute a greater proportion of global total 
GHG emissions than direct emissions from the whole 
of the agricultural sector (6-17 % vs. 10-12 %). Th is is 
largely due to changes in the C budget when forest or 
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other natural/semi-natural habitats are converted to 
croplands.
Murty et al. (2002) reviewed studies into the eff ect 
of conversion of forest to either cropland or pasture 
and concluded that change to pasture caused on 
average no signifi cant change in soil C stocks, although 
they reported changes ranging from –50 to +160 % 
depending on factors such as fertilizer applications 
and plant residue treatment. Conversion to cropland, 
reduced soil C in all but 11 observations out of the 
75 surveyed. Th e average loss 10 or more years aft er 
conversion was 30 %, although the authors argue 
that failure to adjust for changes in soil bulk density 
resulted in around half of the studies over-estimating 
C losses, and discounting these gives a fi gure of 22 % 
loss of soil C. Searchinger et al. (2008) used a fi gure of 
25 % soil C loss upon conversion from non-cropped 
to cropped land when considering the impact of 
biofuels expansion in the USA and admitted that this 
was conservative. In their critique of that study, ADAS 
(2008) state that a fi gure of 30-40  % may be more 
appropriate. Th is is based on studies such as Guo and 
Giff ord (2002), whose meta-analysis of data from 74 
publications gave average soil C losses of 42 % when 
native forest is converted to cropland and 59 % when 
pasture is converted to cropland, although they sound 
a note of caution regarding the exact magnitude of 
these losses given the wide range of methods used by 
the original investigations. 
Nitrogen dynamics are more variable with 
conversion from forest to cultivated land, giving an 
average 15 % decrease in soil N stocks, and forest 
conversion to pasture having no signifi cant eff ect on 
average. However, both increases and decreases in 
C:N ratios were reported (Murty et al, 2002). When 
considering the GHG balance, it is important to 
remember that inputs of N in terms of fertilizer and 
animal manure will give rise to N2O emissions from 
these converted lands, which may be much higher 
than those from the forests or semi-natural grassland 
they replaced (Bouwman, 1990; Mosier et al., 1991; 
Paustian et al., 2004). 
GHG emissions from converting temperate 
grassland to arable cropland have been estimated at 
111-242 Mg CO2-eq ha-1 over a 30 year period (IPCC, 
2006; Searchinger et al., 2008). A modelling study 
examining the impact of using formerly uncultivated 
land to compensate for short-falls in yields, calculated 
that compensating for a 30 % UK wheat yield 
reduction, could generate over 500 Tg CO2-eq over 20 
years, depending on where in the world production 
was displaced to and whether it replaced forest or 
pasture (Carlton et al., 2009). Th ese fi gures strongly 
suggest that it is better to maximize yields on existing 
cropland vs. cultivating extra land.
4.3 Per-area mitigation potentials
As many practices can aff ect more than one GHG, it 
is important to consider the impacts of any potential 
mitigation options on all GHGs together (Robertson 
et al., 2000; Smith et al., 2001; Gregorich et al., 2005). 
Table 6 is adapted from Smith et al. (2007b) and 
gives estimates of the potential impact of mitigation 
practices (except rice management) on all GHGs, 
on a per-area annual basis dependent on climatic 
conditions, based on the best available data. Th e 
estimates represent average change in soil C stocks 
(CO2) or emissions of N2O and CH4 on a per-hectare 
basis, with positive values representing net CO2 
uptake increasing the soil C stock, or a reduction 
in emissions of N2O and CH4. Th ese estimates were 
derived as follows:
Estimates of soil C storage (CO2 mitigation) for 
all practices were derived from about 200 studies 
(see IPCC, 2006, Grassland and Cropland Chapters 
of Volume IV, Annexes 5A and 6A) using a linear 
mixed-eff ect modelling approach, which is a standard 
linear regression technique with the inclusion of 
random eff ects due to dependencies in data from 
the same country, site and time series (Ogle et al., 
2004, 2005; IPCC, 2006; Smith et al., 2007c). Th e 
studies were conducted in regions throughout the 
world, but temperate studies were more prevalent 
leading to smaller uncertainties than for estimates for 
warm tropical climates. Estimates represent annual 
soil C change rate for a 20-year time horizon in the 
top 30 cm of the soil. Soils under agro-forestry were 
assumed to derive their mitigation potential mainly 
from cessation of soil disturbance, and given the same 
estimates as no-till. 
CH4 emissions for set-aside and land use changes 
(LUC) were based on modelling results from 
DAYCENT and DeNitrifi cation-DeComposition 
(DNDC) (US-EPA, 2006b).
N2O fi gures for nutrient management were 
derived using the DAYCENT simulation model, and 
include both direct emissions from nitrifi cation/
denitrifi cation at the site, as well as indirect N2O 
emissions associated with volatilization and leaching/
runoff  of N that is converted into N2O following 
atmospheric deposition or in waterways, respectively 
(US-EPA, 2006b; assuming a N reduction to 80% 
of current application). N2O fi gures for tillage and 
residue management were derived using DAYCENT 
(US-EPA, 2006b; fi gures for no-till).
As Table 6 illustrates, the eff ectiveness of mitigation 
options is variable across and within climate regions. 
Th erefore, a practice that is very eff ective in reducing 
emissions at one site may be less eff ective or even 
counter-productive at another. As a result, it is not 
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possible to produce a universally applicable list of 
mitigation practices; instead, proposed practices need 
to be evaluated for individual agricultural systems 
according to the specifi c climatic conditions, historical 
land use and management, and other factors, such as 
social issues. Th e eff ectiveness of mitigation strategies 
also changes with time. Some practices, such as 
those that promote soil C storage, have diminishing 
eff ectiveness aft er several decades; while others, such 
as increasing nutrient use effi  ciency, may reduce 
emissions indefi nitely. For example, emissions from 
no-till agriculture show strong time dependency, in 
part because of changing infl uence of tillage on N2O 
emissions (Six et al., 2004).
Table 6. Per-area annual mitigation potentials for each climate region for cropland mitigation options (Smith et al., 
2007b).
Climate 
zone
Practice CO2
(t CO2 ha-1 yr-1)
CH4
(t CO2-eq ha-1 yr-1)
N2O 
(t CO2-eq ha-1 yr-1)
All GHG 
(t CO2-eq ha-1 yr-1)
Mean Range Mean Range Mean Range Mean Range
Cool-
dry
Agronomy 0.29 0.07 - 0.51 0.00 0.00 0.10 0.00 – 0.20 0.39 0.07 – 0.71
Nutrient management 0.26 -0.22 – 0.73 0.00 0.00 0.07 0.01 – 0.32 0.33 -0.21 – 1.05
Tillage and residue 
management 0.15 -0.48 – 0.77 0.00 0.00 0.02 -0.04 – 0.09 0.17 -0.52 – 0.82
Water management 1.14 -0.55 – 2.82 0.00 0.00 0.00 0.00 1.14 -0.55 – 2.82
Set-aside and LUC 1.61 -0.07 – 3.30 0.02 0.00-0.02 2.30 0.00 – 4.60 3.93 -0.07 – 7.90
Agro-forestry 0.15 -0.48 – 0.77 0.00 0.00 0.02 -0.04 – 0.09 0.17 -0.52 – 0.86
Cool-
moist
Agronomy 0.88 0.51 – 1.25 0.00 0.00 0.10 0.00 – 0.20 0.98 0.51 – 1.45
Nutrient management 0.55 0.01 – 1.10 0.00 0.00 0.07 0.01 – 0.32 0.62 0.02 – 1.42
Tillage and residue 
management 0.51 0.00 – 1.03 0.00 0.00 0.02 -0.04 – 0.09 0.53 -0.04 – 1.12
Water management 1.14 -0.55 – 2.82 0.00 0.00 0.00 0.00 1.14 -0.55 – 2.82
Set-aside and LUC 3.04 1.17 – 4.91 0.02 0.00-0.02 2.30 0.00 – 4.60 5.36 1.17 – 9.51
Agro-forestry 0.51 0.00 – 1.03 0.00 0.00 0.02 -0.04 – 0.09 0.53 -0.04 – 1.12
Warm-
dry
Agronomy 0.29 0.07 – 0.51 0.00 0.00 0.10 0.00 – 0.20 0.39 0.07 – 0.71
Nutrient management 0.26 -0.22 – 0.73 0.00 0.00 0.07 0.01 – 0.32 0.33 -0.21 – 1.05
Tillage and residue 
management 0.33 -0.73 – 1.39 0.00 0.00 0.02 -0.04 – 0.09 0.35 -0.77 – 1.48
Water management 1.14 -0.55 – 2.82 0.00 0.00 0.00 0.00 1.14 -0.55 – 2.82
Set-aside and LUC 1.61 -0.07 – 3.30 0.02 0.00-0.02 2.30 0.00 – 4.60 3.93 -0.07 – 7.90
Agro-forestry 0.33 -0.73 – 1.39 0.00 0.00 0.02 -0.04 – 0.09 0.35 -0.77 – 1.48
Warm-
moist
Agronomy 0.88 0.51 – 1.25 0.00 0.00 0.10 0.00 – 0.20 0.98 0.51 – 1.45
Nutrient management 0.55 0.01 – 1.10 0.00 0.00 0.07 0.01 – 0.32 0.62 0.02 – 1.42
Tillage and residue 
management 0.70 -0.40 – 1.80 0.00 0.00 0.02 -0.04 – 0.09 0.72 -0.44 – 1.89
Water management 1.14 -0.55 – 2.82 0.00 0.00 0.00 0.00 1.14 -0.55 – 2.82
Set-aside and LUC 3.04 1.17 – 4.91 0.02 0.00-0.02 2.30 0.00 – 4.60 5.36 1.17 – 9.51
Agro-forestry 0.70 -0.40 – 1.80 0.00 0.00 0.02 -0.04 – 0.09 0.72 -0.44 – 1.89
Note: Ranges indicate a 95 % confi dence interval around the mean. Mean and uncertainty for change in soil C, N
2
O and CH
4
 
emissions are at the climate region scale, and are not intended to refl ect fi ner scales such as individual farms.
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4.4 Total global mitigation potentials
Th ere have been numerous assessments of the 
potential for GHG mitigation in agriculture, mostly 
focusing on soil C sequestration. Th e IPCC Second 
Assessment Report (SAR; IPCC, 1996) estimated 
that 400-800 Tg C yr-1 (equivalent to about 1400-
2900 Tg CO2-eq yr-1) could be sequestered in global 
agricultural soils with a fi nite capacity saturating 
aft er 50 to 100 years. For other GHG, the report 
estimated that CH4 emissions from agriculture could 
be reduced by 15 to 56 %, mainly through improved 
nutrition of ruminants and better management of 
paddy rice, and that improved management could 
reduce N2O emissions by 9-26 % (IPCC, 1996). Th e 
Th ird Assessment Report (TAR; IPCC, 2001) revised 
this to a total mitigation potential estimate of 350-750 
Tg C yr-1 (~1300-2750 Tg CO2-eq yr-1), with the range 
mainly caused by large uncertainties about CH4, N2O 
and soil-related emissions of CO2. Th e European 
Climate Change Programme (ECCP) Working Group 
on Sinks Relating to Agricultural Soils estimate that 
measures to promote C sequestration in agricultural 
soils in the EU-15 could mitigate 60-70 Tg CO2 
yr-1, equivalent to 1.5-1.7 % of anthropogenic CO2 
emissions for the region (ECCP, 2003). From other 
published estimates of technical potential, only 
Caldeira et al. (2004) and Smith et al. (2007b) have 
provided global estimates considering all GHGs 
together. Smith et al. (2007b) used per-area estimates 
of mitigation potential for each GHG (shown in Table 
6 for cropland practices) and multiplied these by the 
area available for that practice, giving a total global 
technical potential of ~5500-6000 Tg CO2-eq yr-1 by 
2030, of which about 89 % is from soil C sequestration, 
about 9 % from mitigation of CH4, and about 2 % 
from mitigation of soil N2O emissions (see Figure 
4, and note that the fi gure includes all mitigation 
practices associated with agriculture, so the majority 
of measures discussed in this report fall in the fi rst 
column of cropland management measures). Caldeira 
et al. (2004) estimate the potential to ~4500 Tg CO2-
eq yr-1. Th ese global technical mitigation potentials do 
not consider economic or other barriers, and compare 
with estimated baseline emissions of around 8200 Tg 
CO2-eq by 2030 (Smith et al., 2007a, using projected 
increases from US-EPA, 2006b). 
When economic considerations are taken into 
account, estimates of mitigation potential can 
vary widely depending on both C price and the 
methodology used. Smith et al. (2007b) used marginal 
abatement cost curves to estimate global economic 
mitigation potentials for all GHGs for 2030 to 1500-
1600, 2500-2700, and 4000-4300 Tg CO2-eq yr-1 at C 
prices of up to 20, 50 and 100 US$ t CO2-eq-1, revising 
the mitigation potential of cropland management 
strategies from around 1450 Tg CO2-eq yr-1 shown 
in Figure 4 to around 750-850 Tg CO2-eq yr-1, across 
the same range of C prices. Other researchers have 
estimated global economic mitigation potentials 
for either N2O or CH4 (US-EPA, 2006b) or for C 
sequestration (Manne and Richels, 2004), but not 
for all GHGs together. Most recently, agricultural 
abatement has been included in top-down global 
modelling of long-term climate stabilization scenario 
pathways, using a variety of alternative approaches 
Figure 4.  Global biophysical mitigation potential (Tg CO2-eq yr-1) by 2030 of each agricultural management 
practice, showing the impacts of each practice on each GHG stacked to give the total for all GHGs combined 
(Smith et al., 2007b).
Mt CO2-eq. yr-1
0 300-100 600 900 1200 1500 1800
Manure management
Set-aside, LUC & agroforestry
Water management
Bioenergy (soils component)
Livestock
Rice management
Restore degraded lands
Restore cultivated organic soils
Grazing land management
Cropland management
CO2 CH4 N2O
30 International Fertilizer Industry Association
that have resulted in diff erent decision modelling 
(Rose et al., 2007). Th ese top-down modelling studies 
have produced a wide range of mitigation potential 
estimates, which are shown in Table 7 (Note that 
the lack of an upper range for mitigation potentials 
at C prices above US$ 50 is a product of the lack of 
estimates available for these prices, and that the 
N2O + CH4 column is based on scenarios which 
considered both gases and not a total of the previous 
two columns).
4.5 N
2
O mitigation potential of improved 
nutrient management 
It has been suggested that improved N management 
could increase N use effi  ciency (NUE) by 50 % 
(Smil, 2001; Erisman et al., 2008), thus signifi cantly 
decreasing future fertilizer requirements. Th e ECCP 
Working Group on Agriculture (WG7) consider 
that improving NUE through improved fertilizer 
management has the greatest potential for mitigating 
European agricultural N2O emissions (ECCP, 
2001). With food, feed, fi bre and bioenergy demand 
escalating, fertilizer use per unit of product should 
be reduced as far as agronomically and economically 
possible. Th e nutrient management options described 
here and shown in Table 6 reduce N fertilizer inputs 
by improving NUE rather than simply reducing 
application rates, which could lead to displacement 
of emissions if yields cannot be maintained (Carlton 
et al., 2009). Improvements in nutrient management 
will not reduce fertilizer application rates where there 
are N defi ciencies, or where the total soil N pool is 
being mined, threatening long-term soil health and 
sustainability.
4.5.1 Overview of factors affecting N use 
effi ciency
Th e following sections, partly taken from a recent 
review by Snyder et al. (2009), examine factors that 
aff ect N use effi  ciency and measures that could be 
used to reduce N2O emissions from fertilization of 
crops, and, where possible, attempt to enumerate 
their mitigation potential.
4.5.1.1 Nitrogen source
Snyder et al. (2009) provide a comprehensive 
review of the impact of diff erent N sources on the 
resulting N2O emissions when applied to cropland, 
covering commercially-produced mineral fertilizers, 
biologically-fi xed legume-derived N, animal manure, 
fertilizers stabilized with urease or nitrifi cation 
inhibitors, and slow- or controlled-release fertilizers. 
Th eir fi ndings are summarized below, with some 
additional information and discussion.
Commercially-produced fertilizers
Th ere is disagreement in the literature as to whether 
diff erent types of N produce diff erent levels of N2O 
emissions. Some researchers have argued that 
urea produces the highest emissions, followed by 
ammonium-based fertilizers and then nitrate-based 
ones, although this may be aff ected by water conditions 
(Tenuta and Beauchamp, 2003; Velthoff  et al., 2003), 
while others have suggested there is insuffi  cient 
evidence to support this claim (Eichner, 1990; Granli 
and Bøckman, 1994). Most recently, studies have 
highlighted how much other factors (e.g. tillage) can 
infl uence emissions from diff erent types of N additions 
(Venterea et al., 2005). It has been postulated that 
diff erences among fertilizer types almost disappear 
Table 7. Global agricultural mitigation potentials for 2030 estimated using top-down models (adapted from Smith 
et al., 2007a). 
Carbon price 
(US$ t CO
2
-eq-1)
Mitigation potential (Tg CO
2
-eq yr-1)
CH
4
N
2
O N
2
O + CH
4
0-20 0-1116 89-402 267-1518
20-50 348-1750 116-1169 643-1866
50-100 388 217 604
>100 733 475 1208
Note: estimates for C prices below US$ 50 are based on six scenarios, while those above are based on only one. 
Original sources: USCCSP, 2006; Rose et al., 2007; Fawcett and Sands, 2006; Smith and Wigley, 2006; Fujino et al., 2006; and 
Kemfert et al., 2006.
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once the rate of application, crop type, climate, SOC, 
soil pH, and length of experiment eff ects are taken 
into account (Stehfest and Bouwman, 2006), leading 
the authors to conclude that confounding variables 
prevent a valid comparison of N2O emission levels 
from diff erent N sources (Snyder et al., 2009). Table 
A1 in Appendix A includes reported N2O emission 
ranges from diff erent fertilizer types, indicating that 
they can vary from below 0.1 % to over 40 % of the 
applied N.
Biologically-fi xed legume-derived N
It has been suggested that using leguminous crops as 
part of a rotation could be a mitigation measure (see 
section 4.2.1 above) as it reduces the need for fertilizer 
N additions. Although this fi xed N is generally less 
available for nitrifi cation, subsequent denitrifi cation, 
and therefore N2O emission while the crop is actively 
growing, once it is harvested or dies, N-rich residues 
are left  above and below ground to decompose and 
emit N2O. Several researchers have observed that 
background N2O emissions are increased by N-fi xing 
plants (Rochette et al., 2004; Dick et al., 2006; Mosier 
et al., 2006) and, therefore, the mitigation potential 
may be most dependent on the level of emissions 
from the fertilizer applied to the comparison crop 
(see for example, Parkin and Kasper, 2006), which 
can be highly variable. Productivity of a complete 
rotation might be reduced if the legumes take up 
space that would otherwise be available for the main 
crop (i.e. unless they are used as an intercop or are 
undersown). In such cases, GHG emissions per unit 
of crop production, rather than per unit area, may 
not be reduced. However, if rotation productivity is 
maintained, GHG emissions per-unit-area and per-
unit-product could be reduced.
Animal manure
Several researchers have reported that manure 
additions lead to greater N2O emissions than mineral 
fertilizers. For example Lowrance et al. (1998) found 
that high rates of liquid manure application produced 
denitrifi cation rates 10-100 times higher than those 
from inorganic N fertilizer applications, and Velthof 
et al. (2003) also found that manure gave higher 
emissions, which were dependent on type and quality, 
as well as how they were handled. Snyder et al. (2009) 
conclude that there are many factors preventing more 
use of manure as a substitute for mineral fertilizer, 
including synchronization of nutrient release with 
crop demand, spatial coordination and planning 
at the regional level, and technological advances 
(Oenema et al., 2001; Oenema and Pietrzak, 2002). 
Furthermore, transportation and labour costs 
associated with handling can make manure nutrients 
less economically attractive than fertilizers. However, 
as discussed in section 2.3.2, not all researchers 
consider that animal manure applications lead to 
higher N2O emissions than mineral fertilizers. In fact, 
Ball et al. (2004) argue that organic manures do not 
cause the spikes in emissions that occur with mineral 
fertilizers if there is heavy rainfall around the time 
of application, and that they can therefore mitigate 
N2O emissions by up to around 90 % over a growing 
season. Th ere is also the issue of alternative disposal 
methods and what emissions these can lead to, as at 
least when manure is applied to agricultural land it 
can off set fertilizer requirements. Th e ECCP Working 
Group on Sinks Relating to Agricultural Soils (ECCP, 
2003) consider that promoting organic inputs to 
arable land would be the most eff ective measure for 
increasing C sequestration in European soils because 
it can be applied to such a large area (see section 4.6), 
and Vergé et al. (2007) also consider the practice 
benefi cial, particularly in areas such as Africa, where 
tuber crops that return little organic residue to the 
soil cover a large percentage of agricultural land and 
have a negative impact on soil organic matter and 
fertility. Th erefore, the best strategies are likely to be 
integrated ones that make the best use of both organic 
and mineral N resources. 
Slow- and controlled-release fertilizers
Slow- and controlled-release fertilizers work through 
a variety of mechanisms, e.g. controlled water 
solubility of the material (by semi-permeable coatings, 
occlusion, inherent water insolubility of polymers, 
natural nitrogenous organics, protein materials, or 
other chemical forms), or by slow hydrolysis of water-
soluble low molecular weight compounds (AAPFCO, 
1995 cited in Weiske, 2006). By aff ecting the timing 
of N release from fertilizer, these compounds have 
the potential to reduce leaching and volatile losses of 
N, as well as N2O emissions (Shaviv, 2000; Halvorson 
et al., 2009), and therefore may improve NUE and 
provide greater stability in fertilizer N performance. 
Several studies have demonstrated that controlled-
release fertilizers reduce N2O emissions from 
fertilized soils in comparison with standard mineral 
fertilizers (Maggiato et al., 2000; Motavalli et al., 
2008; and see Table 8), although some have suggested 
that emissions are only reduced around the time of 
application, when standard N applications give a spike 
of emissions, and continue over a longer period to 
give higher total N2O emissions (Delgado and Mosier, 
1996). Th is is supported by fi eld studies indicating 
that N2O emission spikes can occur more than a 
month aft er urea application if a polymer coating is 
used (Halvorson et al., 2009). However, it should be 
noted that there is also still a degree of uncertainty 
about these fertilizers in terms of yield, quality 
and NUE. It has been argued that certain slow- or 
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controlled-release fertilizers are less able to meet crop 
nutrient demand when it is most needed compared 
with strategies based on multiple applications tailored 
to crop demand.
Urease and nitrifi cation inhibitors 
Soluble fertilizers formulated with inhibitors reduce 
or block the conversion of N species by aff ecting 
specifi c types of microbes involved in the N cycle. 
Urease inhibitors delay the enzymatic hydrolysis 
of urea (Watson, 2005; Rawluk et al., 2001) while 
nitrifi cation inhibitors block or control conversion 
of ammonium into nitrates. Th is helps to keep N in 
the form of ammonium for longer, thus encouraging 
uptake by crops and helping to prevent N2O emissions 
from either nitrifi cation or denitrifi cation. Weiske 
(2006) summarized studies documenting how the 
use of diff erent nitrifi cation inhibitors can reduce 
N2O emissions from mineral fertilizers (see Table 8). 
However, it is important to recognize that a number 
of these studies were conducted over relatively short 
time periods and, therefore, may over-estimate 
seasonal or annual N2O emission reductions, as 
short-term point estimates are considered inadequate 
for determining these by some researchers, who 
recommend continuous, daily measurements over 
long time periods (Th ornton and Valente, 1996). 
It is obvious from the above that relationships 
between N2O emissions and N additions are complex 
and variable, meaning it is not possible to make fi rm 
Table 8. Reported effectiveness of nitrifi cation inhibitors and urea coatings (partially adapted from Weiske, 2006).
Type of inhibitor or 
coating
Fertilizer type Crop Length of 
monitoring 
% N
2
O 
emission 
reduction
Reference
Nitrapyrin Ammonium 
sulphate
Lab study, soil only 30 days 93 Bremner and Blackmer, 1978
Nitrapyrin Urea Lab study, soil only 30 days 96 Bremner and Blackmer, 1978
Nitrapyrin Urea Corn 100 days 40-65 Bronson et al., 1992
Calcium carbide Urea Corn 100 days 33-82 Bronson et al., 1992
DCD Liquid 
manure
Pasture grass 14 days 50-88 De Klein and van Logtestijn, 
1994
DCD Ammonium 
sulphate
Pasture grass 64 days 40-92 Skiba et al., 1993
DCD Urea Spring barley 90 days 82-95 Delgado and Mosier, 1996
DCD Urea Spring barley 1 growing season 81 Shoji et al., 2001
DCD Urea Wheat 95 days 49 Majumdar et al., 2002
DCD Urea Spring barley 56 days 40 McTaggart et al., 1997
POCU Urea Spring barley 90 days 35-71 Delgado and Mosier, 1996
POCU Urea Spring barley  1 growing season 35 Shoji et al., 2001
DCS Ammonium 
sulphate
Pasture grass 64 days 62 Skiba et al., 1993
DMPP Ammonium 
sulphate nitrate
Spring barley, corn 
and winter wheat
3 years (spring 
and summer only)
51 Weiske et al., 2006
'Neem' coating Urea Wheat 95 days 9 Majumdar et al., 2002
'Nimin' coating Urea Wheat 95 days 63 Majumdar et al., 2002
Thiosulphate Urea Wheat 95 days 35 Majumdar et al., 2002
Polymer coating Urea Corn (no-till) 159 days 55 Halvorson et al., 2009
DCD = dicyandiamide
POCU = polyolefi n coated urea 
DCS = N (2,5 dichlorophenyl) succinic acid monoamide
DMPP = 3,4-dimethylpyrazole phosphate
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recommendations on fertilizer types. For example, 
while Halvorson et al. (2009) report polymer coating 
reduced N2O emissions from urea by 55 % over the 
course of a growing season for continuous no-till corn, 
the same experiment carried out on conventionally 
tilled continuous corn gave no signifi cant diff erence 
in cumulative N2O emissions between coated and 
uncoated urea. However, nitrifi cation inhibitors and, 
maybe to a lesser extent, controlled- or slow-release 
fertilizers, do appear to have potential for mitigating 
future emissions, although further research is needed 
to quantify this potential over longer periods of time. 
4.5.1.2 Rates of application
Use of appropriate N application rates limit the build 
up of nitrates in the soil, which can accumulate when 
more N is applied than needed by the crop or when 
applications are poorly timed to optimize crop uptake 
(Legg and Meisinger, 1982). N application rates cannot 
just be cut below economic optimums without risking 
long-term decline in soil productivity (Jaynes and 
Karlen, 2005), but managing N fertilizer rates to an 
appropriate amount is challenging because each agro-
ecosystem and specifi c growing season will diff er as 
to what is appropriate. As Snyder et al. (2009) point 
out in their review, wide ranges in yield response to a 
given N rate oft en occur when attempting to calibrate 
soil nitrate tests or mineralizable N tests (Follett, 2001; 
Dahnke and Johnson, 1990; Stanford, 1982), with a 
scatter of data points instead of a distinct response 
curve because of the large spatial and temporal 
variability (Meisinger, 1984). 
Many studies have suggested that when an 
agronomic N threshold level is exceeded, N2O 
emissions can increase dramatically (see e.g. 
Kachanoski et al., 2003; Grant et al., 2006; Malhi et al., 
2006). Grant et al. (2006) argue that this increase in 
proportional loss occurs when fertilizer applications 
exceed ecosystem N uptake capacity over time, which 
can be estimated from pre-planting measurements 
of residual N, and from annual estimates of gains or 
losses in soil organic N and of removals in harvest N; 
much the same as estimates of N requirements are 
made. However, there is disagreement in the literature 
as to whether the relationship between N inputs and 
N2O emissions remains constant at higher application 
levels; the IPCC default methodology assumes a 
linear response, which agrees with irrigated cropping 
system research in Colorado (Mosier et al., 2006; 
Halvorson et al., 2008), while some researchers have 
argued that the rate of increase in emissions tails off  
at higher application rates (Th ornton and Valente, 
1996). However, most evidence is in favour of a non-
linear response whereby emissions are relatively 
constant across a broad range of application rates, and 
then tend to increase at the highest application levels 
(Kachanoski et al., 2003; McSwiney and Robertson, 
2005; Grant et al., 2006), a conclusion reached by 
Bouwman et al. (2002) aft er reviewing data from 
across multiple sites, years, sources and cropping 
systems. 
In practical terms, a farmer can minimize the 
potential for N2O emissions by following a nutrient 
management plan (NMP) that includes determining 
N inputs from residual nitrate levels and normal N 
mineralization potential from SOM in the fi eld soils, 
and then fi lling in the defi cit between the sum of 
these two N inputs and reasonable crop yields with 
an appropriate amount of animal manure and timely 
and well-placed N fertilizer (Snyder et al., 2009). Split 
applications of N are already standard practice in 
Europe and allow for fi ne-tuning of rates by in-season 
plant analysis.  
4.5.1.3 Application placement
Some researchers have suggested that N2O emissions 
are greater when some N fertilizer applications are 
placed at greater depth. Breitenbeck and Bremner 
(1986) reported that emissions from a soil fertilized 
with anhydrous ammonia at a rate of 112 kg N ha-1 
were 107 % and 21 % greater when injected at a 
depth of 30 cm than at depths of 10 cm and 20 cm, 
respectively, although this eff ect was reduced when 
this fertilizer was applied at a rate of 225 kg N ha-1, 
while Drury et al. (2006) found emissions were up to 
around 60 % higher when ammonium nitrate used to 
fertilize corn was placed at 10 cm depth rather than 2 
cm, depending on tillage treatment (although results 
varied more between years than treatments). Others, 
however, have found no eff ect of depth (Venterea and 
Stanenas, 2008). Snyder et al. (2009) argue that when 
urea-containing N sources are applied on the soil 
surface and not incorporated, a substantial proportion 
is lost via volatilization of ammonia (NH3), especially 
with manure or urea in humid environments, which 
reduces N levels available for plant uptake without 
reducing N2O emissions. Th erefore, best practice 
measures which reduce NH3 volatilization also reduce 
N2O emission in the same proportion as the amount 
of N conserved. Hultgreen and Leduc (2003) report 
that when urea was applied in a band below and to 
the side of the seed row, emissions were reduced in 
comparison to broadcast surface application in two 
years of a three-year study at two sites in Saskatchewan. 
4.5.1.4 Application timing
N applications carefully timed to maximize crop 
uptake have been shown to allow lower application 
rates of fertilizer without any yield loss and to reduce 
N2O emissions. Matson et al. (1998) reported that 
changing the application of 250 kg N ha-1, split 75 % 
a month before planting and 25 % a month aft er, to 
180 kg N ha-1, split 33 % at planting and 67 % six 
weeks later, produced the same yield and 50 % less 
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N2O emissions, although it is diffi  cult to assess how 
much of this reduction is due to timing and how 
much to the reduction in N rates, which may have 
been excessive initially. Hultgreen and Leduc (2003) 
showed that N2O emissions are lower from fertilizer 
applied in spring rather than autumn. Snyder et al. 
(2009) pointed out that, in a study by Zebarth et al. 
(2008), available nitrate levels were a poor indicator of 
variations in N2O emissions, as reducing application 
rates and changing to side-dress application reduced 
nitrate levels but not N2O emissions, when fertilizer 
applications had previously been in excess of crop 
demand. Th is suggests that the strategy may not work 
for intensively managed crops, or that there may be 
a lag period, and suggests further research is needed 
in this area. Wagner-Riddle et al. (2007) suggest 
that timing N applications to match crop uptake 
combines well with no-till management to reduce 
N2O emissions.
4.5.1.5 Balanced fertilization with other required 
nutrients 
Research has shown that balancing N applications 
with other required nutrients, such as phosphorus 
(P), potassium (K) and sulphur (S), improves NUE 
(Schlegel et al., 1996; Johnson et al., 1997; Gordon, 
2005), as nitrates may accumulate in the soil if 
factors other than N availability are limiting crop 
growth, and this form of N is mobile and prone to 
environmental loss. Snyder et al. (2009) argue that 
balanced fertilization and soil fertility are major 
factors by which farmers can control NUE, and a 
recent review showed that the average fertilizer N 
recovery ((fertilized crop N uptake - unfertilized 
crop N uptake)/N applied) across studies in China, 
India and North America was 54 % for balanced 
fertilization treatments vs. 21 % for conventional or 
control treatments (Fixen et al., 2005). As well as being 
a key component of fertilizer best 
management practices (BMPs), 
balanced fertilization is crucial for 
sustainable, high yielding, good 
quality crop production (Cissé, 
2007).
4.5.1.6 Fertilizer best manage-
ment practices 
Drawing on all the information 
summarized above, Snyder et al. 
(2009) produce an extensive list 
of BMPs, many of which were 
identifi ed by the International 
Fertilizer Industry Association 
task force report on reactive N (IFA, 
2007) and highlighted by Snyder 
(2008), based on the principles 
of good fertilizer stewardship – 
the right source, at the right rate, at the right time, 
and at the right place (Roberts, 2007). Th ese include 
recommendations for general practices, such as using 
a nutrient management plan and timing applications 
to maximize crop uptake, and also recommendations 
to do with application equipment and crop rotation 
management (see Snyder et al., 2009, section 4). 
4.5.2 N
2
O Mitigation potential case studies
Improving nutrient management in China 
According to IFADATA (2009), total mineral N 
fertilizer consumption in China was 31.8 Tg N in 
2006, which is more than the total for all developed 
countries, and has been increasing, though not 
consistently, for the past 20 years (Figure 5). Although 
China is a vast country with an arable and permanent 
crop area of nearly 153 Mha for 2007 (FAOSTAT, 
2009), it has such a high population that the arable 
area per capita is well below the global average, leading 
to the development of highly intensive agriculture in 
order to feed its populace (Zhu and Chen, 2002). Th is 
huge consumption is also due to per area application 
rates that are much higher than the world average 
(Yang, 2006), up to 1900 kg N ha-1 yr-1 according to 
Zhang et al. (1996). Th is is partially made possible by 
the cost of fertilizers having been very low, achieved 
by subsidies for production and distribution, and also 
the fact that the high number of small-scale farmers 
make it diffi cult to monitor fertilizer use and enforce 
more sustainable practices (Zeng, 2003). Th e result 
is that NUE, as defi ned by crop output produced per 
unit of N applied (partial factor productivity), for 
cereal crops is considered to have declined since the 
1980s and is estimated to be around 23 kg cereals kg-1 
N, in comparison with a global average of around 
33 kg cereals kg-1 N (IFA, 2007). However, this was 
calculated assuming two-thirds of fertilizer is applied 
Figure 5.  Total annual N fertilizer consumption for China 1986-2006 
(IFADATA, 2009).
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to cereals, which is an over-
estimate as fruit and vegetable 
production in China has 
shown a rapid increase (IFA, 
2007), and the latest fi gures 
estimate that just under 50 % of 
fertilizer N used in China 2006 
was applied to cereals (Heff er, 
2009). 
Calculations for individual 
crops with known fertilization 
rates indicate that NUE, as 
measured by partial factor 
productivity, is 12 kg wheat 
kg N-1 and 17 kg maize kg N-1 
for China, in comparison with 
31  kg wheat kg N-1 for France 
and 27 kg maize kg N-1 for 
the USA (Zhang et al., 2009). 
Regardless of the exact NUE, it is clear that the 
signifi cant increases in fertilizer N usage in China 
have not resulted in proportional increases in food 
production. Zhu and Chen (2002) reported that 
regression analysis indicates the apparent effi  ciency of 
manufactured fertilizer N has been dropping rapidly 
over the past 50 years. Chen et al. (2004) report 
applications as high as fi ve times the crop requirement 
and this overuse of mineral N fertilizers means there 
is vast scope for reductions in related N2O emissions 
without a loss of yield. 
Zhu and Chen (2002) ascribe the low effi  ciency of 
fertilizer applications in China to a combination of 
overly high application rates, improper application 
methods, applications too early in the season 
when crop N uptake capacity is small, unbalanced 
fertilization (particularly lack of K additions), and 
use of inappropriate N forms that are more prone 
to loss. Th e study goes on to discuss a range of BMP 
options, such as those described above, in the Chinese 
context. Furthermore, the study cited fi eld data that 
indicates that deep placement of urea can reduce N 
loss by at least 12 % (Zhang et al., 1992; Zhu, 1998; Cai 
et al., 2002), deep placement and split applications 
can reduce application rates by 7-24 % without 
yield loss (Zhu, 1997), and nitrifi cation inhibitors 
can reduce denitrifi cation losses of applied N by 21-
27 % (Chen et al., 1994). More recently, a large scale 
project involving the development and dissemination 
of fertilizer BMPs has shown that, compared with 
farmers’ traditional practices, BMPs can, on average, 
reduce N inputs by 20-40 %, increase yields by 2-12 %, 
increase N recovery rates by 10-15 %, and reduce N 
losses by 10-50 %, over nine cropping systems across 
China (Zhang et al., 2007). Researchers also report 
that better use of organic nutrient sources such as 
manure, could reduce the requirement for mineral N 
fertilizers by about 9 Tg (Zhang et al., 2009).
Any measure that reduces fertilizer manufacture in 
China will also have a large eff ect in reducing global 
GHG emissions from this activity. Th is is because 97 % 
of ammonia produced using coal is manufactured in 
China and these production plants are less energy-
effi  cient than those that use gas and predominate in 
the rest of the world.
Improving nutrient management in India
According to IFADATA (2009), India is the second 
largest consumer of N fertilizer aft er China, with 
consumption totalling 13.8 Tg N in 2006. N fertilizer 
use has been increasing steadily for the past 20 years, 
with the exception of a short period around the turn 
of the 21st Century (Figure 6). 
Over the same period, NUE for cereals, measured by 
partial factor productivity, has declined from around 
40 kg cereals produced per kg of N fertilizer applied 
in the late 1980s, to only 26 kg cereals kg-1 N in 2006. 
Although it seemed to be stabilizing in the late 1990s 
(IFA, 2007), Figure 7 shows a declining trend in more 
recent years. Th ese fi gures were calculated assuming 
two-thirds of N fertilizer is applied to cereals, whereas 
the latest data (Heff er, 2009) estimate that the fi gure 
was only 58 % for 2006/07. Th is revises the NUE 
estimate to 30 kg cereals kg-1 N for 2006, which is still 
below the global average.
Th is trend of declining NUE illustrates the combined 
eff ect of very non-uniform patterns of regional 
fertilizer use with some highly intensive cropping 
areas, for example some regions of north-western 
India with application rates as high as 300 kg N ha-1 
yr-1, and other areas where chronic N-defi ciency is still 
a major problem (Galloway et al., 2008). Th erefore, 
improved nutrient management would actually 
involve increasing fertilizer applications in some 
areas, meaning that national fertilizer consumption 
may not be reduced. Indeed, given the need to feed 
Figure 6.  Total annual N fertilizer consumption for India 1986-2006 (IFADATA, 
2009).
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Figure 7.  Estimated NUE for cereals in India (calculated using IFADATA 
(2009) fertilizer consumption data and FAOSTAT (2009) crop production data, 
assuming two-thirds of fertilizer is applied to cereals).
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Figure 8.  Direct N2O emissions from mineral fertilizer for the EU-27, as 
reported to the UNFCCC (data from http://unfccc.int/di/DetailedByParty.do).
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Figure 9.  Total cereal production and yield for Europe (FAOSTAT, 2009) 
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a burgeoning population, Singh and Singh (2008) 
consider that there is little opportunity to reduce total 
fertilizer use in India, and they argue that maximum 
emphasis should be given to improving NUE, 
particularly for wheat and rice cropping systems. Th e 
study goes on to discuss how this might be achieved, 
focusing on improving the synchrony between crop 
N demand and supply via methods such as precision 
farming, split applications and use of controlled-
release fertilizers, and it concludes that there is 
substantial scope for improvement. Using mitigation 
scenarios, Garg et al. (2004) calculated that India 
could reduce N2O emissions in 2030 by up to 25 % 
compared to a business-as-usual scenario. Th is would 
be partially achieved by ensuring nitrate fertilizers 
are applied to aerobic systems while ammonium 
fertilizers are used for wetland crops, and by using 
nitrifi cation inhibitors. 
Nutrient management in Europe and the USA 
Europe has already reduced fertilizer consumption. 
IFA data indicates that total N fertilizer consumption 
for Western and Central Europe has dropped by 24 % 
over the past 20 years: from 14.24 Tg N yr-1 in 1985 
to 10.88 Tg N yr-1 in 2006 (IFADATA, 2009). Th is is 
largely due to the collapse of the former Soviet Union. 
Although the areas do not match up precisely and 
the data only go back to 1990, national reports to the 
UNFCCC for the EU-27 show a corresponding 27 % 
decline in fertilizer-induced N2O emissions between 
1990 and 2006, albeit mostly achieved in the fi rst four 
years (Figure 8). 
As shown in Figure 9, over the same time period, 
total cereal production in Europe decreased slightly on 
average but yields per hectare, despite being variable, 
show an increasing trend overall. Assuming cereal 
fertilization rates per hectare have not increased, this 
suggests that reductions in total fertilizer use and 
associated emissions have, at least in part, been due to 
improved nutrient management. Further savings are 
still achievable. Th e ECCP (2001) estimated that N2O 
emissions from agricultural soils in the EU-15 could 
be mitigated by up to 50 Tg CO2-eq yr-1, with up to 10 
Tg CO2-eq yr-1 achievable by 2012 through measures 
with little or no cost. Studies from the Netherlands 
have suggested that fertilizer rates could be reduced by 
25 % in comparison with those used in 2000 without 
reducing crop yields, and that improved timing and 
split application could reduce fertilizer requirements 
on arable land by 10 % (Velthoff  et al., 2000a,b), while 
Godwin et al. (2003) argue that the most advanced 
precision farming systems can reduce fertilizer usage 
by 30 %. In the context of 2006 levels, a reduction of 
10-30 % in total fertilizer N consumption across the 
whole of the EU-27 could reduce direct fertilizer-
induced N2O emissions by 5.8-17.5 Tg CO2-eq., 
assuming a proportional decrease in N2O emissions. 
In the USA, NUE for maize, for example, has shown 
a trend of striking improvement since the 1970s (Fixen 
and West, 2002), and there is still much scope for 
improvement. Recent work by Halvorson and others 
in Colorado (2009) has shown 20-50 % reductions in 
N2O emissions are possible with enhanced-effi  ciency 
fertilizer N use. If these technologies alone were used, 
reductions in N2O emissions associated with fertilizer 
N BMPs in the USA alone could equate to 9.6 to 24.1 
Tg CO2-eq yr-1, as the latest US inventory estimated 
N2O emissions from fertilizer N applied to croplands 
and grasslands as 48.2 Tg CO2-eq for 2007 (US-EPA, 
2009).
4.6 Carbon sequestration potential of 
improved nutrient management
Improved nutrient management can involve 
increasing nutrient applications to agricultural 
systems that are currently nutrient poor. Doing this 
in the form of mineral N fertilizers will increase 
productivity in N limited systems and, therefore, may 
increase C storage or sequestration (Desjardins et 
al., 2005), while manure applications add additional 
organic matter to the soil directly, as well as acting 
to increase productivity. Th e ECCP Working Group 
on Sinks Related to Agricultural Soils (ECCP, 2003) 
consider that promoting organic inputs to arable land 
would be the most eff ective measure for increasing 
C sequestration in European soils, with a per-area 
mitigation potential of 1-3 t CO2 ha-1 yr-1, but a 
total potential (for the EU-15 over the fi rst Kyoto 
commitment period, which is up to 2012) of 20 Tg 
CO2 yr-1 because it can be applied to such a large area. 
Similarly, a review (Desjardins et al., 2005) cites data 
indicating a mitigation potential of 0.7-1.8 t CO2 ha-1 
yr-1 for manure applications, although a lower range 
for mineral fertilizer (see Table 9). Other researchers 
have suggested that while manure additions help to 
conserve soil C, mineral fertilizer applications have 
little eff ect on C sequestration in cropland systems 
rather than managed grasslands (Bertora et al., 2009). 
However, in the Broadbalk winter wheat experiment 
at Rothamsted, Johnston et al. (2009) found that 
when N rates were increased to 240 and 288 kg N ha-1 
in 1985, soil C increased by about 16 %, to 1.22 and 
1.29 % C, respectively, having been in equilibrium at 
around 0.93 and 1.12 % C under the previously lower 
rates of fertilizer N application. In the Midwestern US, 
Jagadamma et al. (2007) also found that soil organic 
carbon (SOC) sequestration rates increased at 0 to 
30 cm and 0 to 90 cm with increasing N rates, compared 
to no N. Th ey noted that C emissions associated 
with the production, transport and application of 
fertilizers must also be considered and concluded that 
proper fertilization, coupled with adoption of reduced 
tillage methods and integrated nutrient management, 
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may result in net SOC sequestration. Despite these 
fi ndings, a global meta-analysis of numerous long-
term fertilization experiments showed a minimal 
long-term eff ect of mineral N fertilization on soil C 
storage in croplands (Glendining and Powlson, 1995).
As already discussed, fertilizer and manure 
additions tend to increase N2O emissions, which can 
off set the mitigating eff ect of increased C storage. 
Desjardins et al. (2005) argue that very few studies to 
date have examined both C sequestration and other 
GHG emissions in the same fi eld trials and, therefore, 
it is diffi  cult to predict the eff ect on the overall GHG 
balance, although modelled data presented in the 
study suggests an 150 % increase in N fertilization 
may not signifi cantly aff ect cumulative emissions 
from Canadian wheat rotations. Assuming a 1 % EF, 
mineral fertilizer applications of 118 kg N ha-1 yr-1 
would be suffi  cient to off set a sequestration rate of 
0.55 t CO2 ha-1 yr-1 in terms of GWP, which is not a 
particularly high amendment level on a global scale, 
being, for example, within the range of additions for 
Scottish agricultural soils calculated by Flynn et al. 
(2005). Th e high degree of variation in N2O emissions 
from diff erent fertilizers and management practices 
may be the main factor infl uencing the overall value of 
this mitigation practice, meaning it must be assessed 
on an individual basis for specifi c circumstances and 
cannot be easily generalized. As a fi nal point, there is 
a saturation point beyond which additional C inputs 
will not result in increased long-term storage, and 
C sequestration can easily be reversed by a change 
in management  (Desjardins et al., 2005) while N2O 
emission savings are permanent. 
4.7 Mitigation potential of tillage and 
residue management
As discussed in section 4.2.3 above, reducing 
disturbance of the soil limits aeration and can 
therefore slow decomposition processes and reduce 
losses of soil C and GHG emissions. Zero-tillage (no-
till) systems represent an extreme form of cropland 
management, in which any form of mechanical soil 
disturbance is abandoned except for shallow opening 
of the soil for seeding, e.g. continuous mulch-seed or 
direct-drill. Reduced or conservation tillage covers a 
range of management options, where tillage may be 
reduced in frequency and/or depth to cause less soil 
disturbance than conventional ploughing. It includes 
ridge tillage (in which ridges are made in the fi eld), 
shallow ploughing and rotovation or scarifi cation 
of the soil surface. Th e timing of tillage can also be 
taken into account as part of this measure because 
autumn ploughing leaves fi elds bare over the winter, 
increasing the impact in terms of soil erosion and, 
in colder climates, N2O emissions from freeze-thaw 
cycles (Kaiser et al., 1998; van Bochove et al., 2000). 
Th erefore, spring ploughing may reduce soil C losses 
and GHG emissions from tillage. In comparison to 
these measures, which reduce C losses, incorporating 
crop residues into soils aft er harvest works by adding 
C to the system. 
4.7.1 Zero tillage
Many studies have investigated the eff ectiveness of 
zero tillage for improving C storage in arable soils, 
reporting SOC increases of 7 % yr-1 (global data set - 
West and Post, 2002),  and 10-13 % for dry temperate 
regions and 16-18 % for moist temperate regions 
(Ogle et al., 2005). Desjardins et al. (2005) provide 
a summary of reported C sequestration values from 
around the world (Table 10), while a range of values 
from individual sites in Europe, many monitored 
over the long term, are shown in Table 11. Th ese 
data indicate that, although generally benefi cial 
in terms of increased soil C, the eff ects of a switch 
from conventional to zero tillage are highly variable. 
Based on a number of long-term zero tillage studies 
in Europe, Smith et al. (1998) estimate that zero 
tillage can enhance the existing stock of SOC by 
0.73 % per year, with an error (95 % CI) of around 
50 % around this value, and, therefore, the measure 
could sequester around 50 Tg C yr-1 (180 Tg CO2-
eq yr-1) in Europe, while Lu et al. (2009) estimate 
potential for 17 Tg CO2-eq yr-1 to be sequestered by 
further uptake of no-till management in China. As 
Table 9. Reported C sequestration in response to nutrient additions (adapted from Desjardins et al., 2005). 
Addition type, region C sequestration 
(t CO
2
 ha-1 yr-1)
Reference
Mineral fertilizer, USA 0.18-0.55 Lal et al., 1998
Mineral fertilizer, USA 0.51-0.66 Halvorson et al., 1999
Mineral fertilizer, USA 0.59 Lee and Dodson, 1996
Mineral fertilizer, Canada 0.15 Smith et al., 2001
Mineral fertilizer, various (42 data points) 1.10 Conant et al., 2001
Manure, USA 0.73-1.83 Follett, 2001b
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discussed in section 4.2.3, some researchers argue 
that increases in soil C due to this practice have been 
over-estimated because shallow level soil sampling 
misses higher concentrations of SOC in the subsoil 
under conventional tillage (Carter, 2005; Dolan et al, 
2006; Baker et al., 2007). Nevertheless, a meta-analysis 
excluding such studies shows a small overall increase 
in SOC on average due to reduced/zero tillage, though 
results are variable and give large uncertainty bounds 
(Ogle et al., 2005). Small additional savings in CO2 
emissions are also made by reduced fossil fuel use; 
less diesel is used in ploughing, though slightly more 
in the production of additional herbicide necessary 
on zero till fi elds (see section 4.10). 
Benefi ts in terms of N2O emission mitigation are 
questionable. However, because N2O is produced 
by both aerobic and anaerobic processes, a trade-
off  can occur, as short-term emissions from tillage 
stimulation of decomposition stop, but denitrifi cation 
may increase as soil is less aerated and more 
compacted. Data shown in Table 12 illustrate the 
wide range of N2O emission changes reported in the 
literature, ranging from a 280 % increase in emissions 
to a 52 % decrease. Smith et al. (2001) consider that 
as much as half of the mitigation potential could be 
lost through increases in N2O emissions as a result of 
increased anaerobicity of soils under zero tillage, and 
Six et al. (2004) argue that improved N management 
is required to maximize benefi ts from this form of 
management. 
A modelling study using DNDC calculated that 
zero tillage management of maize production would 
increase N2O emissions by 4.6 kg N ha-1 yr-1 (2.1 t 
CO2-eq ha-1 yr-1), off setting the benefi ts in terms of 
increased C storage and reducing the total mitigation 
potential of the strategy by 75 % (Li et al., 2005). 
Literature reviews by Gregorich et al. (2005) and 
Liebig et al. (2005) found no consistent relationship 
between tillage and N2O emission levels, with both 
increased and decreased emissions when no-till 
was compared to conventional tillage, and other 
researchers have reported that N2O emission from no-
Table 10. Ranges of C sequestration rates from around the world in response to conversion from conventional to zero 
tillage (adapted from Desjardins et al., 2005).
Region C sequestration  
(t CO
2
 ha-1 yr-1)
Reference
Canada 0.73-1.28 McConkey et al., 1999
USA 0.51-2.05 Lal, 1997
USA 1.83-2.93 Lal et al., 1998
Developing countries 0.62-2.05 Lal, 1997
Asia 0.44-1.06 Lal, 1997
Africa 0.33-1.06 Lal, 1997
Latin America 0.44-1.06 Lal, 1997
Table 11. Reported effects of no-till on soil C storage compared to conventional tillage (adapted from Smith et al., 
1998).
Location and duration Change in C storage 
(% SOC yr-1)
Reference
UK, 2 years 0.83 Tomlinson, 1974; Cannell and Finney, 1973 
UK, 5 years -0.19 Powlson and Jenkinson, 1981
UK, 6 years 0.99 Powlson and Jenkinson, 1981
UK, 8 years 0.48 Powlson and Jenkinson, 1981
UK, 8 years 1.15 Chaney et al., 1985
UK, 10 years -0.15 Powlson and Jenkinson, 1981
UK, 23 years 0.41 Ball et al., 1994
Germany, 4 years -0.58 – 1.52  Buhtz, et al., 1970
Germany, 5 years 1.43 –  2.12 Fleige and Baeumer, 1974
Germany, 6 years 0.32 Fleige and Baeumer, 1974
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till is not necessarily greater than from conventional 
tillage (Parkin and Kaspar, 2006; Venterea et al., 
2005). A study into the possible eff ects of no-till 
agriculture in the federal state of Baden-Wurttemberg 
in Germany, concluded that change to no-till on 40 % 
of cropland would reduce total GHG emissions from 
agriculture in the region by 5-14 % over 20 years, and 
emphasizes the need for the management strategy to 
be continued in the long term to prevent sequestered 
C being released again as soon as the land is tilled 
(Neufeldt, 2005).
Time is also an important factor in evaluating the 
impact of this measure, as a modelling study by Six et 
al. (2004) suggests that, for humid sites, no-till may 
increase N2O emissions for 10 years or more, but 
change to reducing emissions aft er 20 years. A review 
by Johnson et al. (2007), concluded that while N2O 
emissions may in general be increased by reduced 
tillage, there appears to be no consistent relationship, 
and the interaction of soil, climate and management 
system needs further evaluation. More recently, 
Rochette (2008) reviewed 25 fi eld studies and observed 
that no-till generally increased N2O emissions in soils 
with poor aeration, but was generally neutral in soils 
with good and medium aeration. Th ey concluded 
that increased N2O emissions may result in a negative 
GHG balance on many poorly-drained, fi ne-textured 
agricultural soils under no-till, in regions with a 
humid climate. Impacts on C sequestration may also 
be time-dependent as data from the USA suggests that 
net soil C gains may decline to zero aft er the initial 
20 years of implementation, leaving only the indirect 
savings in terms of reduced fuel usage (Marland et al., 
2003).
4.7.2 Reduced, conservation or minimum 
tillage
Studies into the eff ects of reduced tillage, and resulting 
eff ects on soil C storage, vary in the precise regime 
tested (Table 13). Meta-analysis of a global data set 
suggests that SOC will increase by 3-6 % (Ogle et al., 
2005). In France, reduced tillage has been reported to 
increase soil C stocks by 0.77 t CO2 ha-1 yr-1 (Arrouays 
et al., 2002), while Desjardins et al. (2005) cite data 
indicating that 0.22-2.2 t CO2 ha-1 yr-1 has been 
sequestered by the adoption of conservation tillage 
in North America. In Bulgaria, stopping autumn 
ploughing and instead using a system of winter cutting 
and spring chisel cultivation, reduced losses of organic 
C from the soil by 3.5 times compared with traditional 
methods of maize cultivation (Dimitrov et al., 2004). 
Again, these sequestration rates may over-estimate 
increases in C storage under shallower ploughing 
techniques in comparison with conventional tillage if 
they are only based on measurements taken in the top 
20 or 30 cm of the soil profi le (Baker et al., 2007). 
Sallower ploughing techniques have also been 
shown to reduce N2O emissions in comparison with 
conventional tillage; van der Weerden et al. (1999) 
reported that rotovation stimulated a three times 
increase in cumulative fl ux from a clover sward, while 
Table 12. Reported effects of no-till soil N
2
O emissions in terms of percentage increase or decrease in comparison 
with conventional tillage treatment (partially adapted from Gregorich et al., 2005). 
Location and duration % Change in N
2
O emissions, mean (range) Reference
Canada, 4 years -14.5 (-35 to 4.5) Malhi and Lemke, 2007
Canada, 2 years -51 (-52 to -50 ) Malhi et al., 2006
Denmark, 91 days -25 Chatskikh and Olesen, 2007 
Canada, 3 years 13 (-25 to 63) Gregorich et al., 2005
Canada, 3 years 145 (98 to 220) Gregorich et al., 2005
Canada, 2 years -27 (-31 to -24) Gregorich et al., 2005
Canada, 2 years 23 (-27 to 49) Gregorich et al., 2005
Canada, 1 year -14 MacKenzie et al., 1998
Canada, 1 year - 37 MacKenzie et al., 1998
Canada, 1 year 60 Gregorich et al., 2005
Canada, 2 years -15 (-26 to -3) Kaharabata et al., 2003
USA, 1 year - 65 Elder and Lal, 2008
Canada, 2 years 87.5 Mkhabela et al., 2008
Scotland, 12 weeks 280 Ball et al., 2008
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traditional ploughing caused a fi ve times increase. 
Chatskikh and Olesen (2007) reported that, over 
the course of a 91-day trial, reduced tillage led to a 
21 % decrease in N2O emissions compared with 
conventional tillage, while Drury et al. (2006) report 
a 38 % decrease in the three-year average of N2O 
emissions from a wheat-corn-soybean rotation under 
a conservation tillage system. Other researchers report 
higher N2O emissions from reduced or conservation 
tillage systems (Beheydt et al., 2008; D’Haene et 
al., 2008; Koga et al., 2004), diff erences that are not 
statistically signifi cant (D’Haene et al., 2008; Elmi 
et al., 2003; ), or strong interactions with fertilizer 
type or placement (Venterea and Stanenas; 2008; 
Venterea et al., 2005). Th erefore, it is unclear whether 
any savings in terms of increased soil C storage will 
be signifi cantly off set by increases in N2O emissions; 
results will depend on both environmental conditions 
and the exact regime chosen. A modelling study for 
the EU-25 calculated that a switch to reduced tillage 
would sequester 0.4 t CO2 ha-1 yr-1, while 0.7 t CO2 
ha-1 yr-1 would be sequestered by a minimum tillage 
system, and argued that N2O emissions would be 
reduced on average, although, on a local level, result 
would not be uniform, exhibiting both increases and 
decreases in emissions (INSEA, 2006).
4.7.3 Residue management
Residue management usually goes hand-in-hand 
with reduced or zero tillage. Residue incorporation, 
where stubble, straw or other crop debris is left  on the 
fi eld, and then incorporated when the fi eld is tilled, 
is used in some areas for water conservation, but also 
enhances C returns to the soil, thereby encouraging 
C sequestration. Lu et al. (2009) argue that straw 
return could sequester 126 Tg CO2 yr-1 in China, 
representing the mitigation of 5.3 % of the country’s 
CO2 emissions from fossil fuel emissions in 1990. 
However, incorporation can increase N2O emissions. 
For example, Gregorich et al. (2005) review data 
that indicate that incorporating stubble residues by 
ploughing in the autumn leads to double the N2O 
Table 13. Reported effects of reduced or conservation tillage on soil C storage compared to conventional tillage 
(adapted from Alvarez, 2005).
Measure /treatment Location and duration Change in C storage 
(t CO
2
 ha-1)
Reference
Conserv. till Argentina, 6 years 31.2 Diaz-Zorita, 1999
Conserv. till Argentina, 6 years 20.5 Krüger, 1996
Reduced till Argentina, 6 years 18.3 Diaz-Zorita, 1999
Reduced till Argentina, 6 years 4.4 Krüger, 1996
Conserv. till Canada, 3-8 years -23.5 – -2.6 Angers et al., 1997
Conserv. till Canada, 4 years 16.9 – 26.4 Franzluebbers and Arshad, 1996a
Conserv. till Canada, 4 years 13.6 Grant and Lafond, 1994
Conserv. till Canada, 6 years 9.9 Franzluebbers and Arshad, 1996b
Conserv. till Canada, 7 years -2.6 – 3.7 Franzluebbers and Arshad, 1996a
Conserv. till Canada, 16 years -21.3 – -12.1 Franzluebbers and Arshad, 1996a
Reduced till Canada, 3 years 33 Angers et al., 1997
Reduced till Canada, 4 years 0.7 Grant and Lafond, 1994
Reduced till Canada, 3-11 years 2.9 – 11 Campbell et al., 1998
Conserv. till Spain, 13 years -4.8 – 5.9 Hernanz et al., 2002
Reduced till Spain, 13 years 13.9 – 17.2 Hernanz et al., 2002
Conserv. till USA, 11 years 12.8 Yang and Wander, 1999
Conserv. till USA, 12 years -0.4 – 17.6 Halvorson et al., 2002
Reduced till USA, 3 years -25.7 – -11.4 Dao et al., 2002
Reduced till USA, 8.5 years 9.2 Yang and Wander, 1999
Reduced till USA, 11 years -9.5 Yang and Wander, 1999
Reduced till USA, 12 years -9.5 – 6.2 Halvorson et al., 2002
Note: Conserv. = conservation
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emissions of leaving the residues on the surface 
over winter. Net benefi ts in terms of climate change 
mitigation may be highest when residues with high 
N content are removed. Composting these residues 
and then returning them to the soil may reduce in-
situ N2O emissions compared with incorporating 
untreated residues, while retaining benefi ts in terms 
of reduced requirements for mineral fertilizer (Velthof 
and Kuikman, 2000). However, GHG emissions occur 
during composting, and active aeration or turning 
also contributes to indirect emissions from fuel use; 
in terms of total GWP, these may well outweigh any 
savings from direct N2O emissions (Hao et al., 2001 
and 2004). Baggs et al. (2003) highlight that residue 
management interacts with both tillage and fertilizer 
systems, reporting the results of fi eld trials where 
surface mulching of residues in no-till treatments 
led to greater N2O losses from applied fertilizer than 
incorporating residues. 
A modelling study using DNDC calculated that 
increasing residue incorporation from 15 to 90 % 
for a maize-wheat system in China would sequester 
680 kg C ha-1 yr-1 as SOC, but that N2O emissions 
would rise suffi  ciently to give a net increase of 140 
kg CO2-eq ha-1 yr-1 (Li et al., 2005). However, Smith 
et al. (2000c) argue that the incorporation of cereal 
straw across Europe would have a net positive eff ect 
with increased N2O emissions being outweighed by 
the increases in SOC storage, and have also calculated 
that incorporation of 100 % of cereal straw in the 
UK would be a similarly positive step (Smith et al., 
2000a,b). 
4.8 Mitigation potential of agronomy 
measures
As shown in Table 6, Smith et al. (2007b) have 
calculated that agronomy measures in cool dry 
climates could mitigate total GHGs by 0.39 (0.07-
0.71) t CO2-eq ha-1 yr-1, comprising an increase in SOC 
of 0.29 (0.07-0.51) t CO2-eq ha-1 yr-1, and decreased 
N2O emissions of 0.1 (0.0-0.2) t CO2-eq ha-1 yr-1. In 
cool moist climates, the fi gures were 0.98 (0.51-1.45) 
t CO2-eq ha-1 yr-1, comprising an increase in SOC 
of 0.88 (0.51-1.25) t CO2-eq ha-1 yr-1, and decreased 
N2O emissions of 0.1 (0.0-0.2) t CO2-eq ha-1 yr-1. 
Many other researchers have examined individual 
measures within this category, and a range of studies 
are reviewed in the following sections.
4.8.1 Catch crops and increased cover
Meta-analysis of studies from a range of countries, 
covering diff erent climatic and agricultural systems, 
calculated increases in SOC of around 7-11 % over 20 
years in response to the use of organic amendments 
(Ogle et al., 2005). In France, catch crops have 
been reported to increase SOC by the equivalent 
of 0.55 t CO2 ha-1 yr-1 (Arrouays et al., 2002), while 
studies carried out in North America on the eff ect of 
reducing summer fallow indicate that C sequestration 
can vary from 0.07 to 1.47 t CO2 ha-1 yr-1 (Campbell 
et al., 2001; Lal, 2001; Smith et al., 2001 McConkey et 
al., 1999). Bulgarian studies carried out in test plots 
have reported that winter cover vastly reduces (by 
as much as 500 times) losses of SOC and nutrients 
in comparison with fallow periods (Petrova, 1989; 
Tsvetkova et al., 1995; Mihailova et al., 2001). In terms 
of N2O emissions, winter cover has been reported to 
reduce % N2O emission factors by around 0.25 in the 
Netherlands (Velthof and Kuikman, 2000). 
4.8.2 Crop selection and rotation
In their review of management strategies to sequester 
C in agricultural soils, Desjardins et al. (2005) cite 
data indicating that including more forage crops, 
especially legumes, can sequester between 1.6 and 
2.8 t CO2 ha-1 yr-1. N fi xing crops can increase N2O 
emissions though. Mosier et al. (2006) report that the 
addition of a soybean rotation increased background 
N2O emissions from no-till continuous corn by 
300  %. Rochette et al. (2004) report that emissions 
from unfertilized non-leguminous crops are generally 
lower than those from an actively growing legume 
crop, but Parkin and Kasper (2006) reported higher 
emissions from soils planted to fertilized corn than 
those planted to soybean. Th is is because biologically-
fi xed N is generally less available than mineral N 
from fertilizers, while the legume crop is actively 
growing, and illustrates that when N2O emissions 
from fertilizer N are taken into consideration, total 
N2O emissions can be lowered by the addition of N 
fi xing crops.  Meyer-Aurich et al. (2006) argue that 
the reduced fertilizer requirement of corn grown 
in rotation with red clover mitigates around 250 kg 
CO2-eq ha-1, and more than off sets the increased N2O 
emissions from the clover crop. Gregorich et al. (2005) 
reviewed studies carried out in Canada and concluded 
that emissions from legumes amount to 0.98 ± 0.58 t 
CO2-eq ha-1 yr-1, suggesting that, at the bottom of this 
range, N fertilizer applications of just 86 kg ha-1 yr-1 
would give equivalent emissions, not including those 
from the fertilizer manufacture (assuming a 1 % EF). 
According to Snyder et al. (2009), few studies have 
examined the long-term eff ects of diff erent cropping 
systems on net GHG emissions, but those that have 
include Adviento-Borbe et al. (2007), who found that 
the GWP of high-yielding continuous maize was 2-3 
times higher than that of the conventionally-tilled 
maize-wheat-soybean rotation studied by Robertson 
et al. (2000). When compared on the basis of GWP (in 
CO2-eq) per unit of food or food energy produced, the 
high-yielding, intensively-managed continuous maize 
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studied by Adviento-Borbe et al. (2007) gave a ratio of 
60 kg CO2-eq per Gcal of food yield. Th is compared 
to ratios of 95 for the conventional till, 10.8 for the 
no-till, and 52.5 for the “low-input with legume cover 
crop” treatments in the maize-wheat-soybean rotation 
studied by Robertson et al. (2000). Th e factor causing 
the greatest GWP diff erence in these two studies was 
the impact of no-till management on estimated (to 
a depth of 7.5 cm) net soil C storage (Snyder et al., 
2009), and, therefore, the diff erences may not have 
been as signifi cant if deeper soil sampling had been 
employed.
4.9 Mitigation potential in rice 
production
4.9.1 Water management
Water management, e.g. reducing the time during 
which the fi elds are fl ooded, can reduce GHG 
emissions by about 50 % (Cole et al., 1997). For 
example, in China, draining the fi eld intermittently 
or, even better, during the second half of the growing 
season, has been shown to substantially reduce CH4 
emissions and increase production (FAO, 1994). 
Majumdar (2003) suggests that intermittent drainage 
is the most eff ective CH4 emission mitigation practice 
for irrigated rice paddies, as it has mitigated up to 
80 % of CH4 emissions, although it can be as low as 
7 %, depending on the timing, frequency and span 
of drainage (Wassman et al., 2000a) (Table 14). 
Taking into account the level of implementation that 
would be practically achievable, Kern et al. (1997) 
estimate that intermittent drainage could reduce 
CH4 emissions from Chinese rice paddies by 10 % 
(compared to 1990 levels), assuming the practice was 
adopted on 33 % of the paddy area. Th is indicates the 
importance of taking practical feasibility into account 
when estimating mitigation potential at a larger scale. 
In India, the type of water regime used to grow rice 
has been shown to strongly infl uence CH4 emission 
levels. Gupta et al. (2009) report that national annual 
CH4 emission factors have been estimated as 17.48 
± 4 g m-2 for irrigated continuously fl ooded paddies, 
6.95 ± 1.86 g m-2 for rainfed drought-prone paddies, 
19 ± 6 g m-2 for rainfed fl ood-prone and deep-water 
paddies, 6.62 ± 1.89 g m-2 for irrigated intermittently 
fl ooded single aeration managed paddies, and 2.01 ± 
1.49 g m-2 for irrigated intermittently fl ooded multiple 
aeration paddy water regimes. Yan et al. (2003) report 
a similar pattern of EFs for rice growing regions 
across Asia. These data also support the argument 
that intermittent drainage reduces emissions, as the 
highest EFs are for paddies that are most frequently 
fl ooded. 
Th e benefi ts of reduced CH4 emissions with 
intermittent drainage of fl ooded fi elds, which 
directly impacts nitrifi cation and denitrifi cation 
rates, should be carefully weighed against the risks 
of increased N2O emissions (Guo and Zhou, 2007). 
For example, in China, where manure and urea were 
the N sources, CH4 emissions occurred at lower redox 
(more reduced) potentials (< -100 mV) than did N2O 
emissions (> +200 mV), and there was a signifi cant 
inverse relationship between emissions of these two 
GHGs (Hou, et al., 2000). Maintaining the soil redox 
potential between -100 and +200 mV was cited as 
preventing CH4 production, and would also be low 
enough to encourage N2O reduction to N2.
Table 14. Effectiveness of water management based strategies for mitigating CH
4
 emissions from rice paddies 
(partially adapted from Majumdar, 2003).
Mitigation practice CH
4
 emission reduction Reference 
Mid-season drainage 60 % Bronson  et al., 1997
43 % Corton  et al., 2000
44 % Lu  et al., 2000
23 % Wang  et al., 2000
7-80 % Wassman  et al., 2000a
Intermittent irrigation 36 % Shin et al., 1996
61 % Lu  et al., 2000
Seasonal 
drainage
63-72 % Cai  et al., 1998
42-67 % Wassman  et al., 2000c
Winter drainage 15-79 % Kang  et al., 2002
Mid-tillering drainage 15-80 % Wassman  et al., 2000b
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4.9.2 Rice cultivar
Improved rice cultivars have been estimated to reduce 
GHG emissions by up to 20 % (Sass et al., 1992). Studies 
have shown that CH4 emissions can diff er signifi cantly 
between rice cultivars due to diff erences in CH4 
production, oxidation and transport capacities. For 
example, Wang et al. (1997) reported that emissions 
could be reduced by around 60 % by cultivar choice 
(comparing varieties in the same growth stage). 
Watanabe et al. (1995) reported an approximately 
30 % diff erence in emissions between the highest and 
lowest emitting cultivars tested over a two-month 
period, and Mitre et al. (1999) found that seasonal 
CH4 emissions could be reduced by a maximum of 
43 % by cultivar selection. Most recently, Lou et al. 
(2008) found that average daily CH4 emissions were 
48 % lower from the lowest emitting cultivar tested, 
in comparison with the variety that emitted the most 
CH4. 
Rice plants can infl uence CH4 production 
by enhancing anaerobic conditions due to root 
respiration, and by providing substrates for 
methanogens, such as root exudates (Neue et al., 
1997; Wang et al., 1997). Diff erent rice cultivars have 
shown diff erent patterns, amounts and chemical 
compositions of root exudations (Ladha et al., 1986; 
Lin and You, 1989). Aulakh et al. (2001) argue that 
CH4 production and emission are more closely related 
to the release pattern of root exudate-C than to its 
individual components and, therefore, the cultivars 
with the lowest excretion rate represent the best 
choice in terms of mitigation potential. Th e plants 
can also aff ect CH4 oxidation by enzymatic oxidation 
and by diff usion of oxygen through aerenchyma into 
the rhizosphere (Epp and Chanton, 1993). Wang 
et al. (1997) report that CH4 oxidation, evaluated 
using root airspace and root oxidation power, diff ers 
signifi cantly among rice cultivars. Finally, plant-
mediated transport has been shown to account for 
more than 90 % of the total emissions (Inubushi et 
al., 1989; Sass et al., 1990), and diff ers between rice 
varieties due to the diff erences in tiller number and 
aerenchyma system (Butterbach-Bahl et al., 1997; 
Wang et al., 1997; Inubushi et al., 2003). 
4.9.3 Fertilization and other additions
Improved fertilization has been estimated to reduce 
GHG emissions from rice paddies by 28–36 % (Lindau 
et al., 1993). Applications of phosphate fertilizer 
reduce CH4 emissions, as it decreases the total amount 
of root exudation by decreasing the root/shoot ratio 
(Lu et al., 1999), and also because methanogens that 
colonize the root surface are sensitive to phosphate 
(Conrad et al., 2000). Nitrogen fertilizers may 
contribute to the mitigation of CH4 emissions because 
nitrate, like sulphate (SO42-) and ferric iron (Fe3+), 
inhibits the production of CH4, as nitrate reducers 
utilize acetate and hydrogen more effi  ciently than 
methanogens (Achtnich et al., 1995; Klüber and 
Conrad, 1998a; Chidthaisong and Conrad, 2000), 
and because nitrite, nitrogen oxide (NO) and N2O, 
which accumulate transiently during the reduction of 
nitrate, are toxic to methanogens (Klüber and Conrad, 
1998b). N fertilization also stimulates the CH4 
oxidizing bacteria in the rhizosphere, further reducing 
emissions (Bodelier et al., 2000a, b). However, excess 
N can result in increased N2O emissions, so care 
must be taken to avoid a trade-off  in diff erent GHG 
emissions. A review by Majumdar (2003) considers 
measures that mitigate both gases and suggests the 
use of nitrifi cation or urease inhibitors and slow-
release fertilizers, which, as shown in Table 15, have 
been reported to reduce both CH4 and N2O emissions 
from rice paddies. However, these agrochemicals 
are not commonly used by rice growers and may be 
a costly option compared to concentrating solely on 
measures to mitigate CH4 emissions, especially as 
N2O emissions from rice paddies are much lower, 
even when their increased radiative forcing is taken 
into account (Ghosh, 1998).
A further mitigation option is fertilization with 
iron (Conrad, 2002). Increased ferric iron content 
in the rhizosphere seems to suppress CH4 formation 
(Watanabe and Kimura, 1999; Jäckel and Schnell, 
2000), and fi eld experiments with iron (ferrihydrite) 
fertilization have shown a 50 % decrease in CH4 
emissions without compromising crop yields (Jäckel 
et al., 2005 ) (Table 15). Other additions that have 
been suggested include sulphate, which, as mentioned 
above, inhibits CH4 production (see Table 15, and a 
review by Denier van der Gon et al., 2001, which 
discusses mechanisms, mitigation potential and 
costs), and potassium. Babu et al. (2006) report that 
application of 30 kg K ha-1 as potassium chloride, 
reduced CH4 emissions from a fl ooded soil planted 
with rice by 49 %, by preventing a drop in the redox 
potential and thereby making less active reducing 
substances and ferrous iron (Fe2+) available in the 
rhizosphere, and also by inhibiting methanogenic 
bacteria and stimulating the methanotrophic bacterial 
population. 
4.9.4 Treatment of crop residues
Many researchers have reported that organic 
amendments such as rice straw stimulate CH4 
production and increase emissions from rice paddies 
(Schütz et al., 1989; Yagi and Minami, 1990; Sass 
et al., 1991; Denier van der Gon and Neue, 1995; 
Chidthaisong et al., 1996; Rath et al., 1999; Setyanto 
et al., 2000). However, burning residues releases 
GHG and can also cause serious air quality problems, 
resulting in the practice being banned by many 
Asian governments (Singh et al., 2008). Th erefore, 
alternatives such as composting the residues prior to 
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fi eld application have been suggested as mitigation 
practices (Yagi and Minami, 1990; Minami and 
Neue, 1994). Shin et al. (1996) reported that the 
incorporation of well decomposed (composted) 
rice straw reduced CH4 emissions by as much as 
49 % compared to fresh rice straw amendments. 
Other researchers suggest that rice straw should be 
removed (Liou et al., 2003), without adverse aff ects 
on soil organic matter (Singh et al., 2008), providing 
residues for use on other crops, or to generate energy. 
Adjusting the timing of organic residue additions 
so that they are incorporated during the dry period 
rather than during fl ooded periods may also help to 
reduce emissions (Xu et al., 2000; Cai and Xu, 2004).
4.10 Mitigation of indirect emissions
4.10.1 Emissions from fertilizer production
Although any reductions in global fertilizer 
consumption will obviously have a knock-on eff ect on 
total emissions from its production, it is also possible 
to reduce GHG emissions per unit of fertilizer 
produced by improving the effi  ciency of production 
plants. According to Al Ansari (2007), even just 
universal implementation of the current best available 
technology would save 40 % of current energy use 
and reduce GHG emissions by 58 %. Technological 
advances are continuing to try and improve this 
Table 15. Effectiveness of nitrifi cation or urease inhibitors, slow-release fertilizers and other additions, for mitigating 
CH
4
 and N
2
O emissions from irrigated rice paddies (adapted from Majumdar, 2003).
Addition type / mitigation practice CH
4
 emission 
reduction
N
2
O emission 
reduction
Reference
Nitrifi cation inhibitors
Encapsulated calcium carbide 90 % 44 % Bronson and Mosier, 1991
Urea + calcium carbide  36 % Lindau et al., 1993
Urea + DCD 14 % Lindau et al., 1993
22 % 53 % Ghosh, 1998
11 % Kumar et al., 2000
Ammonium sulphate + thiosulphate 9 % Kumar et al., 2000
Ammonium sulphate + DCD 13 % 46 % Ghosh, 1998
26 % Kumar et al., 2000
Urease and nitrifi cation inhibitors 
Urea + hydroquinone + DCD 66 % 50 % Zhou et al., 1999
Slow-release N
Tablet urea 10-39 % Wassman et al., 2000b
Wax-coated calcium carbide 73 % Mosier et al., 1994
Polyolefi n coating 80 % Shoji and Kanno, 1994
Sulphate addition
Sodium sulphate 28-35 % Lindau et al., 1993
Gypsum 55-70 % Denier van der Gon and Neue, 1994
Ammonium sulphate 58 % Shao and Li, 1997
42-60 % Cai et al., 1997
25-36 % Corton et al., 2000
10-67 % Wassman et al., 2000a
Phosphogypsum 9-73 % Wassman et al., 2000a
72 % Corton et al., 2000
100 % Lindau et al., 1998
Iron addition
Fe(OH)
3
46 % Watanabe and Kimura, 1999
Ferrihydride 15 g kg-1 soil
                     30 g kg-1 soil
43 % Jäckel and Schell, 2000
84 % Jäckel and Schell, 2000
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even further, e.g. via the use of C capture technology 
(Audus, 2007) for CO2 from ammonia plants. For 
nitric acid plants, Jenssen (2007) suggests that the 
emissions of N2O could be reduced by 70-90  % in 
most plants by installing modern N2O abatement 
technology. In practice, if global incentive systems 
were adopted for installing new technologies and for 
making energy effi  ciency improvements, it is likely 
that the global emissions from the fertilizer industry 
could be reduced by more than 30 %, saving some 200 
Tg CO2-eq yr-1 (IFA, 2009a). 
4.10.2 On-farm energy use  
According to Smith et al. (2007a), mitigation of 770 
Tg CO2-eq yr-1 could be achieved by 2030 by improved 
energy effi  ciency in agriculture. An earlier IPCC 
assessment suggested that a 10-40 % reduction in fuel 
use was achievable via reductions in tillage, better 
fertilizer effi  ciency, improved irrigation techniques 
and more use of solar drying (Cole et al., 1996). Since 
tillage and harvesting consume the most fuel within 
agricultural systems (Frye, 1984), encouraging no-
till or reduced tillage practices, as well as possible 
impacts on soil C storage and N2O emissions (see 
section 4.7), will also reduce CO2 emissions indirectly 
via reduced energy consumption (Archer et al., 2002). 
According to Frye (1984), shift ing from moldboard 
ploughing to no-till could save about 70 kg CO2-eq 
ha−1 yr−1. Th is practice can yield signifi cant results. In 
Australia, fuel use by the cereals industry has roughly 
halved between 1990 and 2004,  and this is at least 
partly due to an increase in no-till management 
from 2 Mha (~40  % of total area under cereals) in 
1996, to just under 5 Mha (~70 %) in 2004 (Ugalde 
et al., 2007). In the USA, adoption of reduced tillage 
practices from 1990 to 2004 has been reported to 
have reduced annual net fossil fuel emissions by 8.8 
Tg CO2-eq (Nelson et al., 2009). Even just switching 
to shallower tilling can reduce energy requirements. 
Meyer-Aurich et al. (2006) report that replacing a 
moldboard plough with a chisel plough mitigates 39 
kg CO2-eq ha-1.
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Agriculture contributes a signifi cant proportion of global GHG emissions, and these emissions 
are predicted to increase as the global population 
rises. With predictions that 9 billion people will need 
to be fed by the middle of this century, agricultural 
production will need to increase, but the additional 
pressure on land availability means that improving the 
productivity of existing agricultural land is the best 
way to achieve this. Using the existing cropland most 
effi  ciently may also contribute to preserving areas with 
valuable biodiversity and high carbon sequestration 
potential against land use changes. Th ere is much 
scope for more effi  cient use of resources, particularly 
N, within the current level of understanding. Th e 
wider implementation of BMP strategies can play a 
signifi cant role in limiting the impact of agricultural 
production on the future climate.
Currently, NUE (measured by crop production per 
unit of N applied) is falling in many countries, such 
as China, where some cropping systems are over-
fertilized, while soils in other regions, such as parts 
of Africa and India, still suff er from chronic nutrient 
defi ciency. Th is imbalance needs to be addressed, and 
better integration of organic nutrient sources such as 
animal waste and crop residues into crop nutrition 
programmes can assist in this while also helping to 
mitigate indirect emissions from fertilizer production. 
Increased use of organic material for fertilization will 
also improve soil quality by increasing SOC. Overall, 
cropland management mitigation strategies, such as 
further implementation of fertilizer BMPs, off er the 
highest potential for mitigating future agricultural 
GHG emissions. Fertilizer production also has 
a signifi cant role to play, as the most advanced 
technology available today can signifi cantly reduce 
the GHG emissions associated with the older, less 
effi  cient plants still used in many parts of the world.
Many uncertainties remain regarding the exact 
potential of various mitigation practices, not least 
because C and N dynamics in agricultural systems 
can be very variable, both between diff erent sites 
and cropping systems and also within the same 
area, over time or with depth in the soil profi le. 
Th is makes generalisations diffi  cult. Th is study has 
identifi ed multiple data gaps, not least the paucity of 
data relating to tropical agricultural systems in Latin 
America, Southeast Asia and parts of Africa. However, 
there is more than suffi  cient understanding of general 
impacts to support strong action on the part of the 
international community. Th e technology already 
exists to ensure croplands can play a signifi cant role 
in mitigating climate change while still meeting the 
demand of feeding an increasing global population.
5. Conclusions
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Appendix A – Comparing methodologies for calculating 
N
2
O emissions
Table A1. A range of reported N
2
O emission factors (% of applied N emitted as N
2
O-N) based on fi eld studies 
(partially adapted from Snyder et al., 2009)
Fertilizer type, conditions, etc. Emission factor, or range, % 
(number of observations)
Reference
IPCC default, mineral fertilizers 1 IPCC, 2006
IPCC default, all fertilizer incl. organic 1.25 IPCC, 1997
Anhydrous ammonia 0.05-19.6 (38) Stehfest and Bouwman, 2006
Anhydrous ammonia 0.05-6.8 Granli and Bøckman, 1994
Anhydrous ammonia 0.04-6.84 (12) Eichner, 1990
Ammonium carbonate, chloride or sulphate 0.01-36.54 (74) Stehfest and Bouwman, 2006
Ammonium carbonate, chloride or sulphate 0.03-0.90 (11) Eichner, 1990
Ammonium phosphates 0.06-7 (6) Stehfest and Bouwman, 2006
Ammonium sulphate 0.08-0.18 (3) Eichner, 1990
Ammonium-based 0.03-1.8 Granli and Bøckman, 1994
Ammonium-based 0.04-0.12 (4) Eichner, 1990
Ammonium nitrate 0-30.4 (131) Stehfest and Bouwman, 2006
Ammonium nitrate 0.04-1.7 Granli and Bøckman, 1994
Ammonium nitrate 0.04-1.71 (8) Eichner, 1990
Calcium nitrate 0.01-1.75 (7) Eichner, 1990
Calcium ammonium nitrate 0.05-11 (73) Stehfest and Bouwman, 2006
Potassium nitrate 0.02 (1) Eichner, 1990
Sodium nitrate 0-0.5 (9) Eichner, 1990
Calcium nitrate, potassium nitrate, sodium nitrate 0-41.8 (58) Stehfest and Bouwman, 2006
Nitrate-based 0.001-1.8 Granli and Bøckman, 1994
Urea ammonium nitrate 0.03-16.03 (40) Stehfest and Bouwman, 2006
Urea ammonium nitrate 1.57 (1) Eichner, 1990
Urea 0.01-46.44 (131) Stehfest and Bouwman, 2006
Urea 0.01-2.1 Granli and Bøckman, 1994
Urea 0.08-0.18 (7) Eichner, 1990
Mix of synthetic fertilizers 0-16.78 (45) Stehfest and Bouwman, 2006
Ammonium nitrate, UK sites 0.4-6.5 (12) Dobbie and Smith, 2003
Ammonium-based 0.5-3 Jacinthe and Dick, 1997
Calcium ammonium nitrate, plus P and K 0.8 ± 0.2 Hellebrand et al., 2008
Organic-synthetic fertilizer mixes 0-31.73 (48) Stehfest and Bouwman, 2006
Organic-synthetic fertilizer mixes 1.78-1.8 (2) Eichner, 1990
Organic 0.03-56 (88) Stehfest and Bouwman, 2006
Organic 0.01-2.05 Granli and Bøckman, 1994
Organic, Scotland 0.01-1.65 Akiyama et al., 2004
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As shown in Table A1, a wide range of emissions 
factors (EFs) have been reported and, therefore, when 
calculating emissions on a spatial basis at country level 
or below, many researchers have used specifi c EFs (a 
tier 2 methodology; IPCC, 2001), which, as well as 
being dependent on fertilizer type, can also be crop-
specifi c and/or dependent on climatic conditions, 
tillage practice, or models of nutrient cycling (a tier 
3 methodology; IPCC, 2001) to determine direct 
N2O emissions from fertilizer applications. Table A2 
gives a range of fertilizer-induced N2O emissions 
from diff erent sectors within countries, comparing 
calculations made using these methodologies with 
those using the IPCC default EFs. 
Flynn et al. (2005) used crop specifi c and, in 
some cases, climate-dependent, EFs to calculate 
N2O emissions from fertilizer applied to Scottish 
agricultural land, and they argued that the IPCC 
default EFs over-estimated emissions from cereals 
and oilseed rape, but underestimated those from other 
arable crops, such as potatoes and leafy vegetables. 
Th is is because previous studies have indicated that 
mean N2O-N emissions from cereals and oilseed rape 
in the UK are around 0.6 % of applied mineral N and 
do not show a clear response to rainfall (Dobbie et 
al., 1999; Smith and Dobbie, 2002; Dobbie and Smith, 
2003), while vegetables, particularly potatoes, seem 
to show a climate-dependent response to mineral 
fertilizer additions, more in line with patterns of 
emissions shown by grassland systems (Dobbie et al., 
1999; Flessa et al., 2002; Dobbie and Smith, 2003). 
Overall, they concluded that emissions from mineral 
N applications to arable crops in Scotland were 0.23 
Tg CO2-eq yr-1, around 60 % of the level of emissions 
calculated using the IPCC default EF of 1.25 % (Flynn 
et al., 2005). In contrast, Brown et al. (2002) used 
an adapted version of the DNDC model to calculate 
numerous specifi c EFs for combinations of UK crops 
and dominant soil types. For emissions directly from 
mineral fertilizer applications, these EFs ranged from 
0.1-14.8 %, although the mean was 1 %, and over 90 % 
of the values were below 2 %. Again, the authors note 
that EFs for potatoes and other vegetables were much 
larger than for cereal crops. Using data from 1990, 
average UK N2O emissions from mineral fertilizer 
applications and applied animal waste for cereal crops 
were calculated as 0.56 t CO2-eq ha-1 yr-1 and those 
from other crops as 1.02 t CO2-eq ha-1 yr-1 (Brown et 
al., 2002). Data for Scotland is shown in Table A2 for 
comparison with methodologies used by Flynn et al. 
(2005); diff erences are at least partially attributable to 
the diffi  culty in obtaining accurate data on manure 
application levels.
Th e DNDC model has also been used to assess soil 
N2O emissions from countries such as China, where 
fertilization levels are much higher in comparison with 
European countries such as Scotland. Li et al. (2001) 
used DNDC to model county-scale emissions for 
crop/management scenarios taking into account local 
weather and soil conditions, producing an inventory 
of soil N2O emissions for croplands in mainland 
China, which was then compared to calculations 
made using the IPCC methodology. On a national 
level, the two methodologies gave similar total values, 
the IPCC methodology produced an estimate of 167 
Tg CO2-eq for total direct soil N2O emissions for 
1990, 16 % higher than the DNDC estimate of 144 Tg 
CO2-eq (see Table A2 for the breakdown of emissions 
by source), but at county-scale they varied widely. 
DNDC estimated emissions more than 1.5 times 
larger than the IPCC methodology for a number 
of counties, which is probably a signifi cant level of 
disagreement even given the large uncertainty in the 
estimates, and over three times larger in some cases. 
Th is is because DNDC calculated EFs varying from 
less than 0.25 % (of applied N emitted as N2O) up to 
over 4 %, although the national average was 0.8 %.  
A further investigation comparing the N2O 
inventory of China when calculated by diff erent 
methods, highlights an important issue regarding 
the comparison of climate-dependant methodologies 
with the IPCC methodology, which does not take 
into account any climatic variables. Lu et al. (2006) 
used an empirical model relating soil N2O emissions 
to N inputs and precipitation, and reported emission 
estimates for 1997 and 1998 made using both this 
model and the IPCC methodology. For 1997, the 
IPCC methodology gave an estimate of 168 Tg CO2-
eq, 20 % higher than the 136 Tg CO2-eq estimated 
using the model. However, for 1998, a 14 % increase 
in rainfall resulted in the IPCC estimate actually 
being lower than that calculated by the model, 171 
Tg CO2-eq (increased due to increased N fertilizer 
applications) vs. 183 Tg CO2-eq, indicating that such 
methodologies are much more susceptible to inter-
annual variation in emissions.  
Th e IPCC default EF applies to both mineral and 
organic fertilizers and, like mineral fertilizers, a wide 
range of EFs have been reported from the application of 
manure or slurry (Table A2), leading some researchers 
to argue that organic additions generally lead to higher 
emissions (see e.g. Lowrance et al., 1998; Velthof et al., 
2003). However, Gregorich et al. (2005) report that 
N2O emissions from solid manure applications can 
be around three times lower than for applied liquid 
manure, and Flynn et al. (2005) argue that a lower EF 
of only 0.5 % (in comparison with 0.6 % or higher for 
mineral fertilizers) is reasonable for spreader applied 
slurry and farmyard manure applied to Scottish 
agricultural land. Th is lies within the 0.01–1.65 % 
range of emissions reported for organic fertilizers 
applied to Scottish soils (Akiyama et al., 2004), and 
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is based on comparisons between laboratory and fi eld 
tests. Under laboratory conditions, N2O emissions of 
only 0.2 % of applied N have been reported from cattle 
manure and surface-applied slurry (Flessa and Beese, 
2000; Akiyama et al., 2004), but comparing the results 
for applied urea N with Scottish fi eld studies suggests 
that these emissions may be closer to 0.5 % under 
fi eld conditions (Akiyama et al., 2004). Th ese studies 
were carried out on grassland rather than cropland, 
but in the absence of studies on N2O emissions from 
applied organic N fertilizers on arable land, this EF 
was assumed to apply to all crop types. Flynn et al. 
(2005) also did not treat emissions from organic N 
applications as climate variable, in accordance with 
Ball et al. (2004) who carried out fi eld studies in 
Scotland, and reported that use of organic manures 
avoids the very high fl uxes associated with heavy 
rainfall occurring around the time of application, 
and can therefore mitigate total N2O emissions over a 
growing season by approximately 90 % in comparison 
with mineral fertilizers, though studies elsewhere 
show higher N2O emissions upon animal slurry 
applications (Rochette et al., 2000).
Table A2. A comparison of the use of specifi c EFs, modelling techniques, and IPCC default EFs to calculate N2O 
emissions (converted to CO2-eq) from fertilizer applications 
Crop, fertilizer type and location N
2
O emissions (Tg CO
2
-eq yr-1) calculated using: Reference
Specifi c EFs 
/ empirical 
methods
Process-based 
modelling
IPCC defaulta
Scotland
Cereals and oilseed rape, mineral fertilizers 0.17 0.35 Flynn et al., 2005
Potatoes and other arable, mineral fertilizers 0.06 0.03 Flynn et al., 2005
Cereals and oilseed rape, applied manure 0.08 0.20 Flynn et al., 2005
Potatoes and other arable, applied manure 0.02 0.04 Flynn et al., 2005
All crops including grass, mineral fertilizer 0.91 Brown et al., 2002
Cereals, mineral N and applied manure 0.10 Brown et al., 2002
Other crops, mineral N and applied manure 0.06 Brown et al., 2002
China
All crops, mineral fertilizer 60.47 98.68 Li et al., 2001
All crops, applied manure 9.30 22.33 Li et al., 2001
All direct soil N
2
O, 'dry' year 136 168 Lu et al., 2006
All direct soil N
2
O, wetter year 183 171 Lu et al., 2006
a1.25 % of applied N, as per IPCC (1997).  
51Greenhouse gas budgets of crop production – current and likely future trends
Achtnich, C., Bak, F. and Conrad, R., 1995. 
Competition for electron donors among nitrate 
reducers, ferric iron reducers, sulfate reducers, and 
methanogens in anoxic paddy soil. Biology and 
Fertility of Soils 19, 65–72.
ADAS, 2008. Critique of Searchinger 2008 and related 
papers assessing indirect eff ects of biofuels on land-
use change. Part of the Gallagher Biofuels Review. 
Version 3.2 12-06-2008. ADAS UK Ltd. Cambs.
Adviento-Borbe, M.A.A., Haddix, M.L., Binder, 
D.L., Walters, D.T. and Dobermann, A., 2007. 
Soil greenhouse gas fl uxes and global warming 
potential in four high-yielding maize systems. 
Global Change Biology 13, 1972-1988.
Akiyama, H., McTaggart, I.P., Ball, B.C. and Scott, 
A., 2004. N2O, NO, and NH3 emissions from soil 
aft er the application of organic fertilizers, urea and 
water. Water, Air and Soil Pollution 156, 113–129.
Al Ansari, F., 2007. IFA Benchmarking of global 
energy effi  ciency. Proceedings of the IFA Technical 
Committee Meeting, Ho Chi Minh City, Vietnam, 
12-14 March 2007.
Albrecht, A. and Kandji, S.T., 2003. Carbon 
sequestration in tropical agroforestry systems. 
Agriculture, Ecosystems and Environment 99 (1-
3), 15-27.
Ambus, P. and Christensen, S., 1995. Spatial and 
seasonal nitrous oxide and methane fl uxes in 
Danish forest grassland- and agroecosystems. 
Journal of Environmental Quality 24, 993–1001.
Angers, D.A., Bolinder, M.A., Carter, M.R., Gregorich, 
E.G., Drury, C.F., Liang, B.C., Voroney, R.P., Simard, 
R.R., Donald, R.G., Beyaert, R.P. and Martel, J., 
1997. Impact of tillage practices on organic carbon 
and nitrogen storage in cool, humid soils of eastern 
Canada. Soil and Tillage Research 41, 191-201.
Archer, D.W., Pikul, J.L. and Riedell, W.E., 2002. 
Economic risk, returns and input use under ridge 
and conventional tillage in the northern Corn Belt, 
USA. Soil and Tillage Research 67, 1-8.
Arif, M.A.S., Houwen, F. and Verstraete, W., 1996. 
Agricultural factors aff ecting methane oxidation in 
arable soil. Biology and Fertility of Soils 21, 95–102.
Arrouays, D., Balesdent, J., Germon, J.C., Jayet, P.A., 
Soussana, J.F. and Stengel, P., 2002. Increasing 
carbon stocks in French agricultural soils? B. Seguin 
et al. (Eds) Moderating the impact of agriculture 
on climate. INRA
Audus, H., 2007. Carbon dioxide Capture and 
Storage (CCS). Proceedings of the IFA Technical 
Committee Meeting, Ho Chi Minh City, Vietnam, 
12-14 March 2007.
Aulakh, M.S., Wassmann, R., Bueno, C. and 
Rennenberg H., 2001. Impact of root exudates of 
different cultivars and plant development stages of 
rice (Oryza sativa L.) on methane production in a 
paddy soil. Plant and Soil 230, 77-86.
Babu, Y.J., Nayak, D.R. and Adhya, T.K., 2006. 
Potassium application reduces methane emission 
from a fl ooded fi eld planted to rice. Biology and 
Fertility of Soils 42, 532–541.
Baggs, E.M., Stevenson, M., Pihlatie, M., Regar, A., 
Cook, H. and Cadisch, G., 2003. Nitrous oxide 
emissions following application of residues and 
fertiliser under zero and conventional tillage. Plant 
and Soil 254 (2), 361-370.
Baker, J.M. and Griffi s, T.J., 2005. Examining 
strategies to improve the carbon balance of corn/
soybean agriculture using eddy covariance and 
mass balance techniques. Agricultural and Forest 
Meteorology 128, 163–177.
Baker, J.M., Ochsner, T.E, Venterea, R.T. and Griffi s, 
T.J., 2007. Tillage and soil carbon sequestration – 
What do we really know? Agriculture, Ecosystems 
and Environment 118 (1-4), 1-5.
Balasubramanian, V., Alves, B., Aulakh, M., 
Bekenda, M., Cai, Z., Drinkwater, L., Mugendi, 
D., van Kessel, C. and Oenema, O., 2004. Crop 
environmental, and management factors aff ecting 
nitrogen use effi  ciency. In: A.R. Mosier, J.K. Syers 
and J.R. Freney (Eds) Agriculture and the Nitrogen 
Cycle: Assessing the impacts of fertilizer use on 
food production and the environment. Scientifi c 
Committee on Problems of the Environment 
(SCOPE) of the International Council for Science. 
Island Press, Washington, DC, USA, pp 19-43.
Ball, B.C., Franklin, M.F., Holmes, J.C. and Soane, 
B.D., 1994. Lessons from a 26-year tillage 
experiment on cereals. In: Proceedings of the 13th 
International Conference of the International Soil 
Tillage Research Organisation, Aalborg, Denmark, 
vol. 2, pp. 757-762.
Ball, B.C., McTaggart, I.P. and Scott, A., 2004. 
Mitigation of greenhouse gas emissions from soil 
under silage production by use of organic manures 
or slow-release fertilizer. Soil Use and Management 
20, 287–295.
References
52 International Fertilizer Industry Association
Ball, B.C., Crichton, I. and Horgan, G.W., 2008. 
Dynamics of upward and downward N2O and CO2 
fl uxes in ploughed or no-tilled soils in relation 
to water-fi lled pore space, compaction and crop 
presence. Soil and Tillage Research 101 (1-2), 20-
30.
Batjes, N.H., 2004. Soil carbon stocks and projected 
changes according to land use and management: A 
case study for Kenya. Soil Use and Management 20, 
350-356.
Beheydt, D., Boeckx, P., Ahmed, H.P. and Van 
Cleemput, O., 2008. N2O emission from 
conventional and minimum-tilled soils. Biology 
and Fertility of Soils 44 (6), 863-873.
Bellarby, J., Foereid, B., Hastings, A. and Smith, P., 
2008. Cool Farming: climate impacts of agriculture 
and mitigation potential. Greenpeace International, 
Amsterdam, the Netherlands. 
Berry, P.M., Kindred, D.R. and Paveley, N.D., 2008. 
Quantifying the eff ects of fungicides and disease 
resistance on greenhouse gas emissions associated 
with wheat production. Plant Pathology 57 (6), 
1000-1008.
Bertora, C., Zavattaro, L., Sacco, D., Monaco, S. and 
Grignani, C., 2009. Soil organic matter dynamics 
and losses in manured maize-based forage systems. 
European Journal of Agronomy 30 (3), 177-186.
Bhatia, A., Pathak, H. and Aggarwal, P.K., 2004. 
Inventory of methane and nitrous oxide emissions 
from agricultural soils of India and their global 
warming potential. Current Science 87 (3), 317-
324.
Binfi eld, J., Donnellan, T., Hanrahan, K. and Westhoff , 
P., 2006. World Agricultural Trade Reform and 
the WTO Doha Development Round: Analysis of 
the Impact on EU and Irish Agriculture. Teagasc, 
Athenry, Galway, Ireland, 79 pp.
Bodelier, P.L.E., Hahn, A.P., Arth, I.R. and Frenzel, P., 
2000a. Eff ects of ammonium-based fertilization on 
microbial processes involved in methane emission 
from soils planted with rice. Biogeochemistry 51, 
225–257.
Bodelier, P.L.E., Roslev, P., Henckel, T. and Frenzel, P., 
2000b. Stimulation by ammonium-based fertilizers 
of methane oxidation in soil around rice roots. 
Nature 403, 421–424.
Boeckx, P. and Van Cleemput, O., 1996. Methane 
oxidation in a neutral landfi ll cover soil: Infl uence 
of moisture content, temperature, and nitrogen-
turnover. Journal of Environmental Quality 25, 
178–183.
Boeckx P., Van Cleemput, O. and Meyer, T., 1998. Th e 
infl uence of land use and pesticides on methane 
oxidation in some Belgian soils, Biology and 
Fertility of Soils 27, 293–298.
Boeckx, P. and Van Cleemput, O., 2001. Estimates 
of N2O and CH4 fl uxes from agricultural lands in 
various regions in Europe. Nutrient Cycling in 
Agroecosystems 60 (1-3), 35-47.
Bouwman, A.F., 1990. Exchange of greenhouse gases 
between terrestrial ecosystems and the atmosphere. 
In: A.F. Bouwman (Ed), 1990. Soils and the Green 
House Eff ect, Wiley, Chichester, pp. 61–127.
Bouwman, A.F., Boumans, L.J.M. and Batjes, N.H., 
2002. Emissions of N2O and NO from fertilized 
fi elds: summary of available measurement data. 
Global Biogeochemical Cycles 16(4), 6-1 to 6-13.
Breitenbeck, G.A. and Bremner, J.M., 1986. Eff ects of 
rate and depth of fertilizer application on emission 
of nitrous oxide from soil fertilized with anhydrous 
ammonia. Biology and Fertility of Soils 2, 201–204.
Bremner, J.M. and Blackmer, A.M., 1978. Nitrous 
oxide: emission from soils during nitrifi cation of 
fertilizer nitrogen. Science 199, 295-296.
Brentrup, F., Kusters, J., Kuhlmann, H. and Lammel, 
J., 2004. Environmental impact assessment of 
agricultural production systems using the life cycle 
assessment methodology – I. Th eoretical concept 
of a LCA method tailored to crop production. 
European Journal of Agronomy 20 (3), 247-264. 
Brentrup, F., and Pallière, C., 2008. GHG emissions 
and energy effi  ciency in European nitrogen 
fertiliser production and use. Proceedings of 
the International Fertiliser Society Conference, 
Cambridge, December 2008.    
Bronson, K.F. and Mosier, A.R., 1991. Eff ect of 
encapsulated calcium carbide on dinitrogen, 
nitrous oxide, methane, and carbon dioxide 
emissions from fl ooded rice. Biology and Fertility 
of Soils 11, 116–120.
Bronson, K.F. and Mosier, A.R., 1993. Nitrous oxide 
emission and methane consumption in wheat and 
corn-cropped systems. In: ASA Special Publication 
number. ASA, Madison, pp 133–144.
Bronson, K.F, Mosier, A.R. and Bishnoi, S.R., 1992. 
Nitrous oxide emissions in irrigated corn as 
aff ected by encapsulated calcium carbide and 
nitrapyrin. Soil Science Society of America Journal 
56, 161-165.
Bronson, K.F., Neue, H.U., Singh, U. and Abao, 
E.B., 1997. Automated chamber measurements of 
methane and nitrous oxide fl ux in a fl ooded rice 
soil .1. Residue, nitrogen, and water management. 
Soil Science Society of America Journal 61 (3), 
981–987.
Brown, L., Syed, B., Jarvis, S.C., Sneath, R.W., 
Phillips, V.R., Goulding, K.W.T.and Li, C., 2002. 
Development and application of a mechanistic 
model to estimate emission of nitrous oxide from 
UK agriculture. Atmospheric Environment 36, 
917–928.
Bruinsma, J., 2003 World agriculture: towards 
2015/2030, an FAO perspective. Earthscan 
Publications; London.
53Greenhouse gas budgets of crop production – current and likely future trends
Buhtz, E., Bosse, O., Herzog, R. and Waldschmidt, 
U., 1970. Ergebnisse zur Rationalisierung der 
Grundbodenbearbeitung. Albrecht-Th aer-Archiv 
14, 795-812.
Butterbach-Bahl, K., Papen, H. and Rennenberg, H., 
1997. Impact of gas transport through rice cultivars 
on methane emission from paddy fi elds. Plant, Cell 
and Environment 20, 1175–1183.
Cai, G.X., Chen, D., Fan, X.H., Pacholski, A., White, 
R.E., Zhu, Z.L. and Ding, H., 2002. Gaseous 
nitrogen losses of urea applied to maize on a 
calcareous fl uvo-aquic soil in the North China 
Plain. Australian Journal of Soil Research 40 (5), 
737-748.
Cai, Z.C. and Xu, H., 2004. Options for mitigating 
CH4 emissions from rice fi elds in China. In: Y. 
Hayashi (Ed.), Material Circulation through Agro-
Ecosystems in East Asia and Assessment of Its 
Environmental Impact, pp. 45-55. Tsukuba, Japan.
Cai, Z.C., Xing, G.X., Yan, X.Y., Xu, H., Tsuruta, H., 
Yagi, K. and Minami, K., 1997. Methane and nitrous 
oxide emissions from rice paddy fi elds as aff ected 
by nitrogen fertilisers and water management. 
Plant and Soil 196, 7–14.
Cai, Z.C., Xu, H., Lu, W., Liao, Z.W., Wei, C.F. and 
Xie, D.T., 1998. Infl uence of water management 
in winter crop season on CH4 emission during 
rice-growing season. Chinese Journal of Applied 
Ecology 9 (2), 171–175.
Campbell, C.A., McConkey, B.G., Biederbeck, V.O., 
Zentner, R.P., Curtin, D. and Peru, M.R., 1998. 
Long-term eff ects of tillage and fallow-frequency 
on soil quality attributes in a clay soil in semiarid 
southwestern Saskatchewan. Soil and Tillage 
Research 46, 135-144.
Campbell, C.A., Selles, F., Lafond, G.P. and Zentner, 
R.P., 2001. Adopting zero tillage management: 
Impact on soil C and N under long-term crop 
rotations in a thin Black Chernozem. Canadian 
Journal of Soil Science 81, 139–148.
Cannell, R.Q. and Finney, J.R., 1973. Eff ect of direct 
drilling and reduced cultivation on soil conditions 
for root growth. Outlook on Agriculture 7, 184-
189.
Carlton, R., Berry, P. and Smith, P., 2009. Investigating 
the interplay between UK crop yields, soil organic 
carbon stocks and greenhouse gas emissions. 
Aspects of Applied Biology 95, (in press).
Carter, M.R., 2005. Long-term tillage eff ects on 
cool-season soybean in rotation with barley, soil 
properties, and carbon and nitrogen storage for 
fi ne sandy loams in the humid climate of Atlantic 
Canada. Soil and Tillage Research 81, 109–120.
CAST – Council for Agricultural Science and 
Technology, 1992. Preparing U.S. agriculture for 
global climate change. Task Force Report No. 119, 
96 pp, CAST, Ames, IA, USA.
Cerri, C.C., Bernoux, M., Cerri, C.E.P. and Feller, 
C., 2004. Carbon cycling and sequestration 
opportunities in South America: the case of Brazil. 
Soil Use and Management 20, 248-254.
CGIAR, 2001. Will Agriculture Fall Victim to AIDS? 
4 pages in Future Harvest, November 14, CGIAR 
Website.
Chaney, K., Hodgson, D.R. and Braim, M.A., 1985. 
Th e eff ects of direct drilling, shallow cultivation 
and ploughing on some soil physical properties in 
a long-term experiment on spring barley. Journal 
of Agricultural Science 104, 125-133.
Chatskikh, D. and Olesen, J.E., 2007. Soil tillage 
enhanced CO2 and N2O emissions from loamy 
sand soil under spring barley. Soil and Tillage 
Research 97 (1), 5-18.
Chen, D., Freney, J.R., Mosier, A.R. and Chalk, 
P.M., 1994. Reducing denitrifi cation loss with 
nitrifi cation inhibitors following pre-sowing 
applications of fertiliser nitrogen to irrigated 
cotton fi elds. Australian Journal of Experimental 
Agriculture 34, 75–83.
Chen, Q., Zhang, X., Zhang, H., Christie, P., Li, X., 
Horlacher, D. and Liebig, H.P., 2004. Evaluation 
of current fertilizer practice and soil fertility in 
vegetable production in the Beijing region. Nutrient 
Cycling in Agroecosystems 69, 51–58.
Chidthaisong, A. and Conrad, R., 2000. Turnover of 
glucose and acetate coupled to reduction of nitrate, 
ferric iron and sulfate and to methanogenesis in 
anoxic rice fi eld soil. FEMS Microbiology Ecology 
31, 73–86.
Chidthaisong, A., Inubushi, K., Muramatsu, Y. 
and Watanabe, I., 1996. Production potential 
and emission of methane in fl ooded rice soil 
microcosms aft er continuous application of straws. 
Microbes and Environments 11, 73–78.
Christopher, S.F. and Lal, R., 2007. Nitrogen 
management aff ects carbon sequestration in North 
American cropland soils. Critical Reviews in Plant 
Sciences 26 (1), 45-64.
Ciampitti, I.A., Ciarlo, E.A. and Conti, M.E., 2008. 
Nitrous oxide emissions form soil during soybean 
(Glycine max (L.) Merrill) crop phonological 
stages and stubbles decomposition period. Biology 
and Fertility of Soils 44, 581-588.
Cissé, L., 2007. Balanced fertilization for sustainable 
use of plant nutrients. In: Fertilizer Best 
Management Practices – General Principles, 
Strategy for their Adoption and Voluntary 
Initiatives vs Regulations. Papers presented at the 
IFA International Workshop on Fertilizer Best 
Management Practices 7-9 March 2007, Brussels, 
Belgium, pp. 33-46. IFA, Paris.
Clements, D.R., Weise, S.F., Brown, R., Stonehouse, 
D.P., Hume, D.J. and Swanton, C.J., 1995. 
Energy analysis of tillage and herbicide inputs in 
54 International Fertilizer Industry Association
alternative weed management systems. Agriculture, 
Ecosystems and Environment 52, 119-128.
Cole, V., Cerri, C., Minami, K., Mosier, A., Rosenberg, 
N. and Sauerbeck, D., 1996. Agricultural options 
for mitigation of greenhouse gas emissions. In: 
R.T. Watson, M.C. Zinyowera and R.H. Moss (Eds) 
Climate Change 1995 – Impacts, Adaptations 
and Mitigation of Climate Change: Scientifi c-
Technical Analyses. Contribution of Working 
Group II to the Second Assessment Report of the 
Intergovernmental Panel on Climate Change, 
Chapter 23, pp 745–771. Cambridge and New 
York: Cambridge University Press.
Cole, C.V., Duxbury, J., Freney, J., Heinemeyer, O., 
Minami, K., Mosier, A., Paustian, K., Rosenberg, 
N., Sampson, N., Sauerbeck, D. and Zhao, Q., 
1997. Global estimates of potential mitigation of 
greenhouse gas emissions by agriculture. Nutrient 
Cycling in Agroecosystems 49, 221–228.
Conant, R.T., Paustian, K. and Elliot, E.T., 2001. 
Grassland management and conversion into 
grassland: Eff ect on soil carbon. Ecological 
Applications 11, 343–355.
Conrad, R., 2002. Control of microbial methane 
production in wetland rice fi elds. Nutrient Cycling 
in Agroecosystems 64, 59-69.
Conrad, R., Klose, M. and Claus, P., 2000. Phosphate 
inhibits acetotrophic methanogenesis on rice roots. 
Applied and Environmental Microbiology 66, 828–
831.
Corton, T.M., Bajita, J.B., Grospe, F.S., Pamplona, 
R.R., Asis, C.A. Jr., Wassmann, R., Lantin, R.S. 
and Buendia, L.V., 2000. Methane Emission from 
Irrigated and Intensively Managed Rice Fields in 
Central Luzon (Philippines). Nutrient Cycling in 
Agroecosystems 58, 37–53.
Dahnke, W.C. and Johnson, G.V., 1990. Testing Soils 
for Available Nitrogen. In: R.L. Westerman (Ed.), 
Soil Testing and Plant Analysis. 3rd ed. Soil Science 
Society of America, Madison, Wisconsin. Ch.6, pp. 
127-140.
Dao, T.H., Stiegler, J.H., Banks, J.C., Boerngen, L.B. 
and Adams, B., 2002. Post-contract land use eff ects 
on soil carbon and nitrogen in conservation reserve 
grasslands. Agronomy Journal 94, 146-152.
Deike, S., Pallutt, B., Kustermann, B. and Christen, O., 
2008. Eff ects of herbicide application on energy use 
effi  ciency and carbon dioxide emissions of cereal 
cropping systems. Journal of Plant Diseases and 
Protection 21, 113-119.
De Klein, C.A.M. and van Logtestijn, R.S.P., 1994. 
Denitrifi cation and N2O emission from urine 
aff ected grassland soils. Plant and Soil 163, 235-
242.
Delgado, J.A. and Mosier, A.R., 1996. Mitigation 
alternatives to decrease nitrous oxides emissions 
and urea-nitrogen loss and their eff ect on methane 
fl ux. Journal of Environmental Quality 25, 1105-
1111.
Denier van der Gon, H.A. and Neue, H.U., 1994. 
Impact of gypsum application on the methane 
emission from a wetland rice fi eld. Global 
Biogeochemical Cycles 8, 127–134.
Denier van der Gon, H.A.C. and Neue, H.U., 1995. 
Infl uence of organic matter incorporation on the 
methane emission from a wetland rice fi eld. Global 
Biogeochemical Cycles 9, 11–22.
Denier van der Gon, H.A., van Bodegom, P.M., 
Wassmann, R., Lantin, R.S. and Metra-Corton, 
T.M., 2001. Sulfate-containing amendments 
to reduce methane emissions from rice fi elds: 
mechanisms, eff ectiveness and costs. Mitigation 
and Adaptation Strategies for Global Change 6 (1), 
71-89.
Desjardins, R.L., Smith, W., Grant, B., Campbell, 
C. and Riznek, R., 2005. Management strategies 
to sequester carbon in agricultural soils and to 
mitigate greenhouse gas emissions. Climatic 
Change 70, 283-297.
D’Haene, K., Van den Bossche, A., Vanderbruwane, J., 
De Neve, S., Gabriels, D. and Hofman, G., 2008. Th e 
eff ect of reduced tillage on nitrous oxide emissions 
of silt loam soils. Biology and Fertility of Soils 45 
(2), 213-217.
Diaz-Zorita, M., 1999. Efectos de seis años de labrabza 
en un Hapludol del noroeste de Buenos Aires, 
Argentina. Ciencia del Suelo 17, 31-36.
Dick, J., Skiba, U., Munro, R. and Deans, D., 2006. 
Eff ect of N-fi xing and non N-fi xing trees and crops 
on NO and N2O emissions from Senegalese soils. 
Journal of Biogeography 33, 416–423.
Dobbie, K.E. and Smith, K.A., 1994. Eff ect of land use 
on the rate of uptake of methane by surface soils in 
northern Europe. Annals of Geophysics 12 II: 388.
Dobbie, K.E. and Smith, K.A., 1996. Comparison 
of CH4 oxidation rates in woodland, arable and 
set aside soils. Soil Biology and Biochemistry 28, 
1357–1365.
Dobbie, K.E. and Smith, K.A., 2003. Nitrous oxide 
emission factors for agricultural soils in Great 
Britain: the impact of soil water-fi lled pore space 
and other controlling variables. Global Change 
Biology 9, 204-218.
Dobbie, K.E., Smith, K.A., Priemé, A., Christensen, S., 
Degorska, A. and Orlanski, P., 1996. Eff ect of land 
use on the rate of methane uptake by surface soils 
in northern Europe. Atmospheric Environment 30, 
1005–1011.
Dobbie, K.E., McTaggart, I.P. and Smith, K.A., 
1999. Nitrous oxide emissions from intensive 
agricultural systems: variations between crops and 
seasons, key driving variables, and mean emission 
factors. Journal of Geophysical Research 104, 
26891–26899.
55Greenhouse gas budgets of crop production – current and likely future trends
Dobermann, A., 2007. Nutrient use effi  ciency – 
measurement and management. In: Fertilizer Best 
Management Practices: General Principles, Strategy 
for their Adoption and Voluntary Initiatives vs 
Regulations. 259 pp. Proc. IFA International 
Workshop on Fertilizer Best Management 
Practices. 7-9 March 2007, Brussels, Belgium. 
International Fertilizer Industry Association, Paris, 
France, pp 1-28.
Dolan, M.S., Clapp, C.E., Allmaras, R.R., Baker, J.M. 
and Molina, J.A.E., 2006. Soil organic nitrogen in 
a Minnesota soil as related to tillage, residue, and 
nitrogen management. Soil and Tillage Research 
89, 221–231.
Drury, C.F., Reynolds, W.D., Tan, C.S., Welacky, T.W., 
Calder, W. and McLaughlin, N.B., 2006. Emissions 
of nitrous oxide and carbon dioxide: infl uence of 
tillage type and nitrogen placement depth. Soil 
Science Society of America Journal 70 (2), 570-581.
ECCP, 2001. Working Group 7 – Agriculture. Final 
Report. Mitigation potential of Greenhouse 
Gases in the Agricultural Sector Available at 
http://ec.europa.eu/environment/climat/pdf/
agriculture_report.pdf (verifi ed 9th Feb 2009). 
ECCP, 2003. Working Group on Sinks Related 
to Agricultural Soils. Final Report Available 
from http://ec.europa.eu/environment/climat/
agriculturalsoils.htm (verifi ed 9th Feb 2009).
Eichner, M.J., 1990. Nitrous oxide emissions from 
fertilized soils: Summary of available data. Journal 
of Environmental Quality 19, 272-280.
Elder, J.W. and Lal, R., 2008. Tillage eff ects on gaseous 
emissions from an intensively farmed organic soil 
in North Central Ohio. Soil and Tillage Research 
98 (1), 45-55.
Elmi, A.A., Madramootoo, C., Hamel, C. and Liu, A., 
2003. Denitrifi cation and nitrous oxide to nitrous 
oxide plus dinitrogen ratios in the soil profi le under 
three tillage systems. Biology and Fertility of Soils 
38 (6), 340-348.
Enquete Commission, 1995. Protecting Our Green 
Earth. How to manage global warming through 
environmentally sound farming and preservation 
of the world’s forests. 683 pp. Bonn, Germany, 
Economia Verlag.
Epp, M. and Chanton, A.J.P., 1993. Rhizospheric 
methane oxidation determined via the methyl 
fl uoride inhibition technique. Journal of 
Geophysical Resources 98, 18422–18423.
Erisman, J.W., Sutton, M.A., Galloway, J., Klimont, 
Z. and Winiwarter, W., 2008. How a century of 
ammonia synthesis changed the world. Nature 
Geoscience 1, 636-639.
FAO, 1994. Cherish the Earth-Soil Management 
for Sustainable Agriculture and Environmental 
Protection in the Tropics. FAO, Land and Water 
Development Division, Rome, p. 33.
FAO, 2000. Fertilizer Requirements in 2015 and 2030. 
Rome.
FAO, 2001. Soil carbon sequestration for improved 
land management. World Soil Resources Reports 
No. 96. FAO, Rome, 58 pp.
FAO, 2003: World Agriculture: Towards 2015/2030. 
An FAO Perspective. FAO, Rome, 97 pp.
FAO, 2004. Economic and Social Department - 
Agricultural Data FAOSTAT.
FAO, 2007. Selected Indicators of Food and 
Agricultural Development in the Asia-Pacifi c 
Region 1996-2006. FAO Regional Offi  ce for Asia 
and the Pacifi c, Bangkok.
FAOSTAT, 2006. FAOSTAT Agricultural Data. 
Available at http://faostat.fao.org/ (accessed 26 
March 2007).
FAOSTAT, 2007. FAOSTAT Agricultural Data. 
Available at http://faostat.fao.org/
FAOSTAT, 2009. FAOSTAT Agricultural Data. 
Available at http://faostat.fao.org/ (accessed 22 July 
2009).
Fawcett, A.A. and Sands, R.D., 2006. Non-CO2 
Greenhouse Gases in the Second Generation 
Model. Multi-Greenhouse Gas Mitigation and 
Climate Policy, Energy Journal, Special Issue #3, pp 
305-322.
Fixen, P.E. and West, F.B., 2002. Nitrogen fertilizers: 
meeting contemporary challenges. Ambio 31(2), 
169-176.
Fixen, P.E., Jin, J., Tiwari, K.N. and Stauff er, M.D., 
2005. Capitalizing on multielement interactions 
through balanced nutrition… a pathway to improve 
nitrogen use effi  ciency in China, India, and North 
America. Science of China 48 (Supp.), 780-790.
Fleige, H. and Baeumer, K., 1974. Eff ect of zero-tillage 
on organic carbon and total nitrogen content, and 
their distribution in diff erent N-fractions in loessial 
soils. Agro-Ecosystems 1, 19-29.
Flessa, H. and Beese, F., 2000. Laboratory estimates 
of trace gas emissions following surface 
application and injection of cattle slurry. Journal of 
Environmental Quality 29, 262–268.
Flessa, H., Ruser, R., Schilling, R., Loft fi eld, N., 
Munch, J.C., Kaiser, E.A. and Beese, F., 2002. 
N2O and CH4 fl uxes in potato fi elds: automated 
measurement, management eff ects and temporal 
variation. Geoderma, 105, 307–325.
Flynn, H.C., Smith, J., Smith, K.A., Wright, J., Smith, 
P. and Massheder, J., 2005. Climate- and crop-
responsive emission factors signifi cantly alter 
estimates of current and future nitrous oxide 
emissions from fertilizer use. Global Change 
Biology 11 (9), 1522-1536.
Follett, R.F., 2001. Nitrogen transformation and 
transport processes. In: R.F.Follett and J.L. Hatfi eld 
(Eds.), Nitrogen in the Environment: Sources, 
56 International Fertilizer Industry Association
Problems, and Management. Elsevier, Amsterdam, 
Th e Netherlands. Ch. 2, pp. 17-44.
Follett, R.F., 2001b. Soil management concepts and 
carbon sequestration in cropland Soils. Soil and 
Tillage Research 61, 77–92.
Franzluebbers, A.J. and Arshad, M.A., 1996a. Soil 
organic matter pools with conventional and zero 
tillage in a cold, semi-arid climate. Soil and Tillage 
Research 39, 1-11.
Franzluebbers, A.J. and Arshad, M.A., 1996b. Water-
stable aggregation and organic matter in four soils 
under conventional and zero-tillage. Canadian 
Journal of Soil Science 76, 387-393.
Frelih-Larsen, A., Leipprand A., Naumann, S. and 
Beucher , O., 2008. Climate change mitigation 
through agricultural techniques: Policy 
recommendations. Report (Deliverable D11) of 
EU project “Policy Incentives for Climate Change 
Mitigation Agricultural Techniques” (PICCMAT), 
Brussels, Belgium, 60pp.
Frye, W.W., 1984. Energy requirements in no tillage. 
In: R.E. Phillips and S.H. Phillips (Eds.) No-
tillage Agricultural Principles and Practices, Van 
Nostrand Reinhold, pp. 127–151.
Fujino, J., Nair, R., Kainuma, M., Masui, T. and 
Matsuoka, Y., 2006. Multigas mitigation analysis 
on stabilization scenarios using AIM global model. 
Multi-Greenhouse Gas Mitigation and Climate 
Policy, Energy Journal, Special Issue #3, pp 343-
354.
Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer, 
E.W., Howarth, R.W., Seitzinger, S.P., Asner, G.P., 
Cleveland, C.C., Green, P.A., Holland, E.A., Karl, 
D.M., Michaels, A.F., Porter, J.H., Townsend, A.R. 
and Vorosmarty, C.J., 2004. Nitrogen cycles: past, 
present, and future. Biogeochemistry 70, 153–226.
Galloway, J., Raghuram, N. and Abrol, Y.P., 2008. A 
perspective on reactive nitrogen in a global, Asian 
and Indian context. Current Science 94 (11), 1375-
1381.
Garg, A., Shukla, P.R., Kapshe, M. and Manon, 
D., 2004. Indian methane and nitrous oxide 
emissions and mitigation fl exibility. Atmospheric 
Environment 38, 1965–1977.
Garg, A., Shukla, P.R. and Kapshe, M., 2006. Th e 
sectoral trends of multigas emissions inventory of 
India. Atmospheric Environment 40, 4608–4620.
Ghosh, S., 1998. Methane and nitrous oxide emissions 
from rice and leguminous crops as aff ected by 
diff erent nitrogenous fertilizers. PhD thesis, Indian 
Agricultural Research Institute, New Delhi.
Gielen, D., 2006. Energy Effi  ciency and CO2 
Reduction: Opportunities for the Fertilizer 
Industry. Proceedings of the IFA Technical 
Committee Meeting, Vilnius, Lithuania, 26 April 
2006.
Glendining, M.J. and Powlson, D.S., 1995. In Soil 
Management: Experimental Basis for Sustainability 
and Environmental Quality. (Eds R. Lal and B.A. 
Stewart) Lewis Publishers, Boca Raton, Florida, pp. 
385–446.
Godwin, R.J., Wood, G.A., Taylor, J.C., Knight, S.M. 
and Welsh, J.P., 2003. Precision Farming of Cereal 
crops: a review of a six year experiment to develop 
management guidelines. Biosystems Engineering 
84 (4), 375-391.
Gordon, B., 2005. Maximizing irrigated corn yields in 
the Great Plains. Better Crops 89(2), 8-10.
Goulding, K.W.T., Willison, T., Webster, C.P. and 
Powlson, D.S., 1996. Methane fl uxes in aerobic 
soils. Environmental Monitoring and Assessment 
42, 175–187.
Granli, T. and Bøckman, O.C., 1994. Nitrous oxide 
from agriculture. Supplement 12. Norwegian 
Journal of Agricultural Sciences 128 pp.
Grant, C.A. and Lafond, G.P., 1994. Th e eff ects of 
tillage systems and crop rotation on soil chemical 
properties of a Black Chernozemic soil. Canadian 
Journal of Soil Science 74, 301-306. 
Grant, R.F., Pattey, E., Goddard, T.W., Kryzanowski, 
L.M. and Puurveen, H., 2006. Modelling the eff ects 
of fertilizer application rate on nitrous oxide 
emissions. Soil Science Society of America Journal 
70, 235-248.
Gregorich, E.G., Rochette, P., VandenBygaart, A.J. and 
Angers, D.A. 2005. Greenhouse gas contributions of 
agricultural soils and potential mitigation practices 
in Eastern Canada. Soil and Tillage Research 83 
(1), 53-72. 
Guo, L.B. and Giff ord, R.M., 2002. Soil carbon stocks 
and land use change: a meta analysis. Global 
Change Biology 8, 345-360.
Guo, J. and Zhou, C., 2007. Greenhouse gas 
emissions and mitigation measures in Chinese 
agroecosystems. Agricultural and Forest 
Meteorology 142, 270-277.
Gupta, P.K., Gupta, V., Sharma, C., Das, S.N., Purkait, 
N., Adhya, T.K., Pathak, H., Ramesh, R., Baruah, 
K.K., Venkatratnam, L., Gulab Singh and Iyer, 
C.S.P., 2009. Development of methane emission 
factors for Indian paddy fi elds and estimation of 
national methane budget. Chemosphere 74, 590–
598.
Halvorson, A.D., Reule, C.A. and Follett, R.F., 1999. 
Nitrogen fertilization eff ects on soil organic matter 
turnover and crop residue storage. Soil Science 
Society of America Journal 63, 912–917.
Halvorson, A.D., Wienhold, B.J. and Black, A.L., 2002. 
Tillage, nitrogen, and cropping systems eff ects on 
soil carbon sequestration. Soil Science Society of 
America Journal 66, 906-912.
Halvorson, A.D., Del Grosso, S.J. and Reule, C.A., 
2008. Nitrogen, tillage, and crop rotation eff ects on 
57Greenhouse gas budgets of crop production – current and likely future trends
nitrous oxide emissions from irrigated cropping 
systems. Journal of Environmental Quality 37, 
1337-1344.
Halvorson, A.D., Del Grosso, S.J. and Alluvione, F., 
2009. Nitrogen rate and source eff ects on nitrous 
oxide emissions from irrigated cropping systems in 
Colorado. Better Crops 93 (1), 16-18.
Hao, X., Chang, C, Larney, F.J. and Travis, G.R., 2001.
Greenhouse gas emissions during cattle feedlot 
manure composting. Journal of Environmental 
Quality 30, 376–386 .
Hao, X.Y., Chang, C and Larney, F.J., 2004. Carbon, 
nitrogen balances and greenhouse gas emission 
during cattle feedlot manure composting. Journal 
of Environmental Quality 33(1), 37-44.
Heff er, P., 2009. Assessment of Fertilizer Use by 
Crop at the Global Level. International Fertilizer 
Industry Association, Paris, France. April 2009. 
Heff er, P. and Prud’homme, M., 2009. Fertilizer 
Outlook 2009-2013. International Fertilizer 
Industry Association, Paris, France
Hellebrand, H.J., Scholz, V. and Kern, J., 2008. 
Fertiliser induced nitrous oxide emissions during 
energy crop cultivation on loamy sand soils. 
Atmospheric Environment 42(36), 8403-8411.
Hernanz, J.L., López, R., Navarrete, L. and Sánchez-
Girón, V., 2002. Long-term eff ects of tillage systems 
and rotations on soil structural stability and organic 
carbon stratifi cation in semiarid central Spain. Soil 
and Tillage Research 66 (2), 129–141.
Holba, T., 2009. Fertilizers and Climate change: 
Key Facts. Proceedings of the EFMA (European 
Fertilizer Manufacturers Association) Conference 
“Agriculture, Fertilizers and Climate Change”, 
Brussels, 12th February 2009. 
Hou, A.X., Chen, G.X., Wang, Z.P., Van Cleemput, O. 
and Patrick Jr., W.H., 2000. Methane and nitrous 
oxide emissions form a rice fi eld in relation to soil 
redox and microbiological processes. Soil Science 
Society of America Journal 64, 2180-2186. 
Hultgreen, G. and Leduc, P., 2003. Th e eff ect of 
nitrogen fertilizer placement, formulation, 
timing, and rate on greenhouse gas emissions and 
agronomic performance. Final Report, Project 
No. 5300G, ADF#19990028, Saskatchewan 
Department of Agriculture and Food, Regina, SK. 
Available from: http://www.agr.gov.sk.ca/apps/
adf/adf_admin/reports/19990028.pdf (verifi ed 14 
April 2008).
Hütsch, B.W., 1996. Methane oxidation in soils of two 
long-term fertilization experiments in Germany. 
Soil Biology and Biochemistry 6, 773–782.
Hütsch, B.W., Webster, C.P. and Powlson, D.S., 1993. 
Long-term eff ects of nitrogen-fertilization on 
methane oxidation in soil of the broad balk wheat 
experiment. Soil Biology and Biochemistry 25, 
1307–1315.
IFA, 2007. Sustainable Management of the Nitrogen 
Cycle in Agriculture and Mitigation of Reactive 
Nitrogen Side Eff ects. International Fertilizer 
Industry Association, Paris, France.
IFA, 2009a. Fertilizers, Climate Change and 
Enhancing Agricultural Productivity Sustainably, 
First Edition. International Fertilizer Industry 
Association, Paris, France. July 2009.
IFA, 2009b. Th e Global “4R” Nutrient Stewardship 
Framework - Developing Fertilizer Best 
Management Practices for Delivering Economic, 
Social and Environmental Benefi ts. International 
Fertilizer Industry Association, Paris, France. 
August 2009.
IFADATA, 2009. Accessed at http://www.fertilizer.
org/ifa/ifadata/search between February and April 
2009.
INSEA, 2006. Integrated Sink Enhancement 
Assessment, Final Report. EU FP 6 Project SSPI-
CT-2003/503614 with DG RTD. Available at 
http://www.iiasa.ac.at/Research/FOR/INSEA/
Deliverables/Final%20Report%20(short%20
version)/INSEA_D3T30_FinalReport_%20
300906.pdf
Inubushi, K., Hori, K., Matsumoto, S., Umebayashi, 
M. and Wada, H., 1989. Methane emission from 
the fl ooded paddy soil to the atmosphere through 
rice plant. Japanese Journal of Soil Science and 
Plant Nutrition 60, 318–324.
Inubushi, K., Cheng, W., Aonuma, S., Hoque, M.M., 
Kobayashi, K., Miura, S., Kim, H.Y., and Okada, M., 
2003. Eff ects of free-air CO2 enrichment (FACE) 
on CH4 emission from a rice paddy fi eld. Global 
Change Biology 9, 1458–1464.
IPCC, 1997. Greenhouse gas emissions from 
agricultural soils. In: Greenhouse Gas Inventory 
Reference Manual. Revised 1996 IPCC Guidelines 
for National Greenhouse Gas Inventories (Eds 
J.T. Houghton et al.), UK Meteorological Offi  ce, 
Bracknell, UK.
IPCC, 2000. Good Practice Guidance and 
Uncertainty Management in National Greenhouse 
Gas Inventories. J. Penman, D. Kruger, I. Galbally, 
T. Hiraishi, B. Nyenzi, S. Emmanul, L. Buendia, R. 
Hoppaus, T. Martinsen, J. Meijer, K. Miwa and K. 
Tanabe (Eds). Institute for Global Environmental 
Strategies Publ., Japan. pp. 4.8–4.39.
IPCC, 2001. Good Practice Guidance and Uncertainty 
Management in National Greenhouse Gas 
Inventories. Intergovernmental Panel on Climate 
Change (IPCC), Institute for Global Environmental 
Strategies, Tokyo, Japan.
IPCC, 2006. 2006 IPCC Guidelines for National 
Greenhouse Gas Inventories, Prepared by the 
National Greenhouse Gas Inventories Programme, 
H.S. Eggleston, L. Buendia, K. Miwa, T. Ngara and 
58 International Fertilizer Industry Association
K. Tanabe (Eds). Institute for Global Environmental 
Strategies, Tokyo, Japan.
Jacinthe, P.A. and Dick, W.A., 1997. Soil management 
and nitrous oxide emissions from cultivated fi elds 
in southern Ohio. Soil and Tillage Research 41 (3-
4), 221-235.
Jäckel, U. and Schnell, S., 2000. Suppression of 
methane emission from rice paddies by ferric iron 
fertilization. Soil Biology and Biochemistry 32, 
1811–1814.
Jäckel, U., Russo, S. and Schnell, S., 2005. Enhanced 
iron reduction by iron supplement: A strategy 
to reduce methane emission from paddies. Soil 
Biology and Biochemistry 37 (11), 2150-2154.
Jagadamma, S., Lal, R., Hoeft , R.G., Nafziger, E.D. 
and Adee, E.A., 2007. Nitrogen fertilization and 
cropping systems eff ects on soil organic carbon 
and total nitrogen pools under chisel-plow tillage 
in Illinois. Soil and Tillage Research 95, 348-356.
Jaynes, D.B. and Karlen., D.L., 2005. Sustaining soil 
resources while managing nutrients. In: Proc. of 
the Upper Mississippi River Sub-Basin Hypoxia 
Nutrient Committee Workshop, September 26-
28, 2005, Ames, Iowa, pp. 141-150. http://www.
umrshnc.org/fi les/Hypwebversion.pdf (verifi ed 14 
April 2008).
Jenssen, T.K., 2007. Technology transfer and 
mitigation of climate change: Th e fertilizer industry 
perspective. Proceedings of the IFA workshop 
“Energy effi  ciency and CO2 reduction”, Ho Chi 
Minh, Vietnam, 13 March 2007.
Johnson, J.M., Franzluebbers, A.J., Weyers, S.L. and 
Reicosky, D.C., 2007. Agricultural opportunities to 
mitigate greenhouse gas emissions. Environmental 
Pollution 150, 107-124.
Johnson, J.W., Murrell, T.S. and Reetz Jr., H.F., 1997. 
Balanced fertility management: a key to nutrient 
use effi  ciency. Better Crops 81(2), 3-5.
Johnston, A.E., Poulton, P.R. and Coleman, K., 2009. 
Soil organic matter; its importance in sustainable 
agriculture and carbon dioxide fl uxes. Advances in 
Agronomy 101, 1-57. 
Kachanoski, R.G., O’Halloran, I. and Rochette, P., 
2003. Site-specifi c application of fertilizer N for 
reducing greenhouse gas emissions. Climate change 
funding initiative in Agriculture, Canadian Agri-
Food Research Council, Ottawa, ON. (http://www.
carc-crac.ca/common/CCFIA%20Kachanoski%20
Report.pdf (accessed August 10, 2007).
Kaharabata, S.K., Drury, C.F., Priesack, E., Desjardins, 
R.L., McKenney, D.J., Tan, C.S. and Reynolds, D., 
2003. Comparing measured and expert-N predicted 
N2O emission from conventional and no till corn 
treatments. Nutrient Cycling in Agroecosystems 
66, 107–118. 
Kang, G., Cai, Z. and Feng, X., 2002. Importance of 
water regime during the non-rice growing period in 
winter in regional variation of CH4 emissions from 
rice fi elds during following rice growing period in 
China. Nutrient Cycling in Agroecosystems 64 (1-
2), 95-100.
Kaiser, E.A, Kohrs, K., Kūcke, M., Schnug, E., 
Heinemeyer, O. and Munch, J.C., 1998. Nitrous 
oxide release from arable soil: importance of 
N-fertilization, crops and temporal variation. Soil 
Biology and Biochemistry 30, 1553-1563.
Keller, M. and Reiners, W.A., 1994. Soil–atmosphere 
exchange of nitrous oxide, nitric oxide, and 
methane under secondary succession of pasture 
to forest in the Atlantic lowlands of Costa Rica. 
Global Biogeochemical Cycles 8, 399–409.
Keller, M., Mitre, M.E. and Stallard, R.F., 1990. 
Consumption of atmospheric methane in 
soils of Central Panama: Eff ects of agricultural 
development. Global Biogeochemical Cycles 4, 
21–27.
Kemfert, C., Truong, T.P. and Bruckner, T., 2006. 
Economic impact assessment of climate change - A 
multi-gas investigation with WIAGEM-GTAPEL-
ICM. Multi-Greenhouse Gas Mitigation and 
Climate Policy, Energy Journal, Special Issue #3.
Kern, J.S., Zitong, G., Ganlin, Z., Huizhen, Z. and 
Guobao, L., 1997. Spatial analysis of methane 
emissions from paddy soils in China and the 
potential for emissions reduction. Nutrient Cycling 
in Agroecosystems 49, 181–195.
Klüber, H.D. and Conrad, R., 1998a. Eff ects of nitrate, 
nitrite, NO and N2O on methanogenesis and other 
redox processes in anoxic rice fi eld soil. FEMS 
Microbiology Ecology 25, 301–318.
Klüber, H.D. and Conrad, R., 1998b. Inhibitory eff ects 
of nitrate, nitrite, NO and N2O on methanogenesis 
by Methanosarcina barkeri and Methanobacterium 
bryantii. FEMS Microbiology Ecology 25, 331–339.
Koga, N., Tsuruta, H., Sawamoto, T., Nishimura, S. 
and Yagi, K., 2004. N2O emission and CH4 uptake 
in arable fi elds managed under conventional and 
reduced tillage cropping systems in northern Japan. 
Global Biogeochemical Cycles 18 (4), GB4025. 
Kongshaug, G., 1998., Energy consumption and 
greenhouse gas emissions in fertilizer production. 
In: IFA Technical Conference, Marrakech, 
Morocco.
Kravchenko, I., Boeckx, P., Galchenko, V. and Van 
Cleemput, O., 2002. Short- and medium-term 
eff ects of NH4+ on CH4 and N2O fl uxes in arable 
soils with a diff erent texture. Soil Biology and 
Biochemistry 34, 669–678.
Krüger, H.R., 1996. Sistemas de labranza y variación 
de propiedades químicas en un Hapludol Entico. 
Ciancia del Suelo 14, 53-55. 
Kumar, U., Jain, M.C., Pathak, H., Kumar, S. and 
Majumdar, D., 2000. Nitrous oxide emission 
from diff erent fertilizers and its mitigation by 
59Greenhouse gas budgets of crop production – current and likely future trends
nitrifi cation inhibitors in irrigated rice. Biology 
and Fertility of Soils 32, 474–478.
Ladha, J.K., Triol, A.C., Ma, L.G., Darbey, G., Caldo, 
W., Ventura, J. and Watanabe, J., 1986. Plant 
associated nitrogen fi xation by fi ve rice varieties 
and relationship with plant growth characteristics 
as aff ected by straw incorporation. Soil Science and 
Plant Nutrition 32, 91–106.
Lal, R., 1997. Residue management, conservation 
tillage and soil restoration for mitigating 
greenhouse eff ect by CO2 –enrichment. Soil and 
Tillage Research 43, 81–107.
Lal, R., 2001. Th e physical quality of soils on grazing 
lands and its eff ects on sequestering carbon. In: R.F. 
Follett, J. Kimble and R. Lal (Eds.), Th e Potential 
of US Grazing Lands to Sequester Carbon and 
Mitigate the Greenhouse Eff ect, Lewis Publishers, 
Boca Raton, FL, pp. 249–266.
Lal, R., 2004a. Soil carbon sequestration impacts on 
global climate change and food security. Science, 
304, pp. 1623-1627.
Lal, R., 2004b. Carbon emission from farm operations. 
Environment International 30, 981-990.
Lal, R., Kimble, J.M. Follett, R.F. and Cole, C.V., 1998. 
Th e Potential of US Cropland to Sequester Carbon 
and Mitigate the Greenhouse Eff ect. Ann Arbor 
Press, Chelsea, MI, pp. 128.
Lammel, J., 2009. Developing Good Agricultural 
Practice for GHG mitigation in agriculture. 
Proceedings of the EFMA (European Fertilizer 
Manufacturers Association) Conference 
“Agriculture, Fertilizers and Climate Change”, 
Brussels, 12th February 2009.
Lee, J. I. and Dodson, R., 1996. Potential carbon 
sequestration by aff orestation of pasture in the 
South-Central Untied States. Agronomy Journal 
88, 381–384.
Legg, J.O. and Meisinger, J.J., 1982. Soil nitrogen 
budgets. In: F.J. Stevenson (Ed.), Nitrogen in 
Agricultural Soils. Agron. Monogr. 22. American 
Society of Agronomy, Crop Science Society of 
America, Soil Science Society of America, Madison, 
Wisconsin, pp. 503-566.
Le Mer, J. and Roger, P., 2001. Production, oxidation, 
emission and consumption of methane by soils: A 
review. European Journal of Soil Biology 37, 25-50.
Li, C., Frolking, S. and Butterbach-Bahl, K., 2005. 
Carbon sequestration in arable soils is likely 
to increase nitrous oxide emissions, off setting 
reductions in climate radiative forcing. Climatic 
Change 72, 321-338.
Li, C., Zhuang, Y., Cao, M., Crill, P., Dai, Z., Frolking, 
S., Moore, B., Salas, W., Song, W. and Wang, X., 
2001. Comparing a process-based agro-ecosystem 
model to the IPCC methodology for developing a 
national inventory of N2O emissions from arable 
lands in China. Nutrient Cycling in Agroecosystems 
60, 159–175.
Liebig, M.A., Morgan, J.A., Reeder, J.D., Ellert, 
B.H., Gollany, H.T. and Schuman, G.E., 2005. 
Greenhouse gas contributions and mitigation 
potential of agricultural practices in northwestern 
USA and western Canada. Soil and Tillage Research 
83, 25-52.
Lin, E., Dong, H. and Li, Y., 1994. Methane emissions 
of China: Agricultural sources and mitigation 
options. In: Agricultural Sources and Mitigation 
Options, Proceedings of the Symposium on 
Non-CO2 Greenhouse Gases. Kluwer Academic 
Publishers. 
Lin, M. and You, C., 1989. Root exudates of rice 
cultivars and its interaction with Alcaligenes 
faecalis. Scientia Agricultura Sinica 22, 6–12.
Lindau, C.W., Bollich, P.K., DeLaune, R.D., Mosier, 
A.R. and Bronson, K.F., 1993. Methane mitigation 
in fl ooded Louisiana rice fi elds. Biology and 
Fertility of Soils 15, 174–178.
Lindau, C.W., Wickersham, P., DeLaune, R.D., Collins, 
J.W., Bollich, P.K., Scott, L.M. and Lambremont, 
E.N., 1998. Methane and nitrous oxide evolution 
and 15N and 226Ra uptake as aff ected by application 
of gypsum and phosphogypsum to Louisiana rice. 
Agriculture, Ecosystems and Environment 68, 
165–173.
Liou, R.M., Huang, S.N., Lin, C.W. and Chen, S.H., 
2003. Methane emission from fi elds with three 
various rice straw treatments in Taiwan paddy soils. 
Journal of Environmental Science and Health Part 
B-Pesticides, Food Contaminants and Agricultural 
Wastes 38 (4), 511-527.
Lou, Y., Inubushi, K., Mizuno, T., Hasegawa, T., Lin, 
Y., Sakai, H., Cheng, W. and Kobayashi, K., 2008. 
CH4 emission with diff erences in atmospheric CO2 
enrichment and rice cultivars in a Japanese paddy 
soil. Global Change Biology 14, 2678–2687.
Lowrance, R., Johnson, Jr., J.C., Newton, G.L. and 
Williams, R.G., 1998. Denitrifi cation from soils of 
a year-round forage production system fertilized 
with liquid dairy manure. Journal of Environmental 
Quality 27, 1504-1511.
Lu, F., Wang, X.K., Han, B., Ouyang, Z.Y., Duan, 
X.N., Zheng, H. and Miao, H., 2009. Soil carbon 
sequestrations by nitrogen fertilizer application, 
straw return and no-tillage in China‘s cropland. 
Global Change Biology 15 (2), 281-305. 
Lu, W.F., Chen, W., Duan, B.W., Guo, W.M., Lu, Y., 
Lantin, R.S., Wassmann, R. and Neue, H.U., 2000. 
Methane Emissions and Mitigation Options in 
Irrigated Rice Fields in Southeast China. Nutrient 
Cycling in Agroecosystems 58, 65–73.
Lu, Y., Wassmann, R., Neue, H.U. and Huang, C., 1999. 
Impact of phosphorus supply on root exudation, 
60 International Fertilizer Industry Association
aerenchyma formation and methane emission of 
rice plants. Biogeochemistry 47, 203–218.
Lu, Y., Huang, Y., Zou, J. and Zheng, X., 2006. An 
inventory of N2O emissions from agriculture in 
China using precipitation-rectifi ed emission factor 
and background emission. Chemosphere 65, 1915-
1924.
Machado, P.L.O.A, Sohi, S.P. and Gaunt, J.L., 2003. 
Eff ect of no-tillage on turnover of organic matter in 
a Rhodic Ferralsol. Soil Use and Management 19, 
250–256.
MacKenzie, A.F., Fan, M.X. and Cadrin, F., 1998. 
N2O emission in three-years as aff ected by tillage, 
corn-soybean-alfalfa rotations, and N fertilization. 
Journal of Environmental Quality 27, 698–703.
Maggiato, S.R., Webb, J. A., Wagner-Riddle, C. and 
Th urtell, G.W., 2000. Nitrous and nitrogen oxide 
emissions from turfgrass receiving diff erent forms 
of nitrogen fertilizer. Journal of Environmental 
Quality 29, 621-630.
Majumdar, D., 2003. Methane and nitrous oxide 
emission from irrigated rice fi elds: Proposed 
mitigation strategies. Current Science 84 (10), 
1317-1326. 
Majumdar, D., Pathak, H., Kumar, S. and Jain, 
M.C., 2002 Nitrous oxide emission from a sandy 
loam Inceptisol under irrigated wheat in India as 
infl uenced by diff erent nitrifi cation inhibitors. 
Agriculture, Ecosystems and Environment 91 
(2002) 283–293.
Makundi, W.R. and Sathaye, J.A., 2004. GHG 
mitigation potential and cost in tropical forestry 
- Relative role for agroforestry. Environment 
Development and Sustainability 6 (1-2), 235-260.
Malhi, S.S. and Lemke, R., 2007. Tillage, crop residue 
and N fertilizer eff ects on crop yield, nutrient 
uptake, soil quality and nitrous oxide gas emissions 
in a second 4-yr rotation cycle. Soil and Tillage 
Research 96 (1-2), 269-283.
Malhi, S.S., Lemke, R.L., Wang, Z., Farrell, R. and 
Chhabra, B.S., 2006. Tillage, nitrogen and crop 
residue eff ects on crop yield and nutrient uptake, 
soil quality and greenhouse gas emissions. Soil and 
Tillage Research 90, 171-183.
Manne, A.S. and Richels, R.G., 2004. A multi-gas 
approach to climate policy. In Th e Global Carbon 
Cycle. Integrating Humans, Climate, and the 
Natural World, C.B. Field and M.R. Raupach 
(Eds.). SCOPE 62, Island Press, Washington DC, 
pp. 439-452.
Marland, G., West, T.O., Schlamadinger, B. and 
Canella, L., 2003. Managing soil organic carbon 
in agriculture: the net eff ect on greenhouse gas 
emissions. Tellus Series B – Chemical and Physical 
Meteorology 55 (2), 613-621.  
Matson, P.A., Naylor, R. and Ortiz-Monasterio, I., 
1998. Integration of environmental, agronomic, 
and economic aspects of fertilizer management. 
Science 280, 112-115.
McConkey, B.G., Liang, B.C. and Campbell, C.A., 
1999. Estimated gains of soil carbon over 15-yr 
period due to changes in fallow frequency, tillage 
system and fertilization practices for the Canadian 
prairies (an expert opinion), Semiarid Prairie 
Agricultural Research Centre, Miscellaneous 
Publication No. 379M0209, Agriculture and Agri-
Food Canada, Ottawa, ON.
McSwiney, C.P. and Robertson, G.P., 2005. Nonlinear 
response of N2O fl ux to incremental fertilizer 
addition in a continuous maize (Zea mays L.) 
cropping system. Global Change Biology 11, 1712–
1719.
McTaggart, I.P., Clayton, H., Parker, J., Swan, L. 
and Smith, K.A., 1997. Nitrous oxide emissions 
from grassland and spring barley, following N 
fertiliser application with and without nitrifi cation 
inhibitors. Biology and Fertility of Soils 25, 261–
268.
Meisinger, J.J., 1984. Evaluating plant-available 
nitrogen in soil-crop systems. In: R.A. Hauck (Ed.), 
Nitrogen in Crop Production. American Society of 
Agronomy, Crop Science Society of America, Soil 
Science Society of America. Madison, Wisconsin, 
Ch. 26, pp. 391-417.
Meyer-Aurich, A., Weersink, A., Janovicek, K. and 
Deen, B., 2006. Cost effi  cient rotation and tillage 
options to sequester carbon and mitigate GHG 
emissions from agriculture in Eastern Canada. 
Agriculture, Ecosystems and Environment 117, 
119-127. 
Mihailova, P., Tsvetkova, E. and Lazarov, A., 2001. 
Soil conservation and economic efi ciency of 
some forage crops grown in the region of Balkan 
submountain. Soil Science, Agriculture and 
Ecology 36 (3-4), 132-134.
Minami, K. and Neue, H.U., 1994. Rice paddies as a 
methane source. Climate Change 27, 13-26.
Mitra, S., Jain, M.C., Kumar, S., Bandyopadhyay, 
S.K. and Kalra, N., 1999. Eff ect of rice cultivars on 
methane emission. Agriculture, Ecosystem and 
Environment 73, 177–183.
Mkhabela, M.S., Madani, A., Gordon, R., Burton, D., 
Cudmore, D., Elmi, A. and Hart, W., 2008. Gaseous 
and leaching nitrogen losses from no-tillage and 
conventional tillage systems following surface 
application of cattle manure. Soil and Tillage 
Research 98 (2), 187-199.
MNP, 2006. Analysis of environmental pressures 
and impacts of the baseline for the second OECD 
Environment Outlook. Draft  Final Version - 
September 2006. Netherlands Environmental 
Assessment Agency, Bilthoven.
61Greenhouse gas budgets of crop production – current and likely future trends
Mosier, A.R., 2001. Exchange of gaseous nitrogen 
compounds between agricultural systems and the 
atmosphere. Plant and Soil 228, 17-27.
Mosier, A.R. and Schimel, D.S., 1991. Infl uence of 
agricultural nitrogen on atmospheric methane and 
nitrous oxide. Chemistry and Industry 23, 874–
877.
Mosier, A.R., Schimel, D., Valentine, D., Bronson, K. 
and Parton, W., 1991. Methane and nitrous oxide 
fl uxes in native, fertilized and cultivated grasslands. 
Nature 350, 330–332.
Mosier, A.R., Season, K.F., Freney, J.R. and Deegala, 
K.G., 1994. In: CH4 and N2O: Global Emissions and 
Controls from Rice Fields and Other Agricultural 
and Industrial Sources, NIAES, pp. 197–207.
Mosier, A.R., Duxbury, J.M., Freney, J.R., Heinemeyer, 
O., Minami, K. and Jonhson, D.E., 1998a. Assessing 
and mitigating N2O emissions from agricultural 
soils. Climatic Change 40, 7-38.
Mosier, A.R., Duxbury, J.M., Freney, J.R., Heinemeyer, 
O., Minami, K. and Jonhson, D.E., 1998b. 
Mitigating agricultural emissions of methane. 
Climatic Change 40, 39–80.
Mosier, A.R., Halvorson, A.D., Reule, C.A. and Liu, 
X.J., 2006. Net global warming potential and 
greenhouse gas intensity in irrigated cropping 
systems in northeastern Colorado. Journal of 
Environmental Quality 35, 1584–1598.
Motavalli, P.P, Goyne, K.W. and Udawatta, R.P., 2008. 
Environmental impacts of enhanced effi  ciency 
nitrogen fertilizers. Online. Crop Management 
doi:10.1094/CM-2008-0730-02-RV.
Murty, D., Kirschbaum, M.U.F., McMurtrie, R.E. and 
McGilvray, H., 2002. Does conversion of forest to 
agricultural land change soil carbon and nitrogen? 
A review of the literature. Global Change Biology 
8, 105-123. 
Mutuo, P.K., Cadisch, G., Albrecht, A., Palm, C.A. 
and Verchot, L., 2005. Potential of agrocforestry for 
carbon sequestration and mitigation of greenhouse 
gas emissions from soils in the tropics. Nutrient 
Cycling in Agroecosystems 71, 43-54. 
Nelson, R.G., Hellwinckel, C.M., Brandt, C.C., West, 
T.O., De La Torre Ugarte, D.G. and Marland, G., 
2009. Energy use and carbon dioxide emissions 
from cropland production in the United States, 
1990-2004. Journal of Environmental Quality 
38(2), 418-425. 
Neue, H.U., 1997. Fluxes of methane from rice 
fi elds and potential for mitigation. Soil Use and 
Management 13, 258-267.
Neue, H.U., Lantin, R.S., Wassmann, R., Aduna, J.B., 
Alberto, M.C.R. and Andales, M.J.F., 1994. Methane 
emission from rice soils of the Philippines. In: K. 
Minami, A. Mosier and R. Sass (Eds). CH4 and N2O: 
Global Emissions and Controls from Rice Fields 
and Other Agricultural and Industrial Sources. 
NIAES. Yokendo Publishers, Tokyo, pp.55-63. 
Neue, H.U., Wassmann, R., Kludze, H.K., Wang, 
B. and Lantin, R.S., 1997. Factors and process 
controlling methane emissions from rice fi elds. 
Nutrient Cycling in Agroecosystems 49, 111–117.
Neufeldt, H., 2005. Carbon stocks and sequestration 
potentials of agricultural soils in the federal state 
of Baden-Wurttemberg, SW Germany. Journal of 
Plant Nutrition and Soil Science 168 (2), 202-211.
Nouchi, I., Mariko, S. and Aki, K., 1990. Mechanism 
of methane transport from the rhizosphere to 
the atmosphere through the rice plants. Plant 
Physiology 94, 59–66.
Oenema, O. and Pietrzak, S., 2002. Nutrient 
management in food production: achieving 
agronomic and environmental targets. Ambio 
31(2), 159-168.
Oenema, O., Bannink, A., Sommer, S.G. and Velthof, 
G.L., 2001. Gaseous nitrogen emissions form 
livestock farming systems. In: R.F. Follett and J.L. 
Hatfi eld, (Eds.), Nitrogen in the Environment: 
Sources, Problems, and Management. Elsevier, 
Amsterdam, Th e Netherlands. Ch. 10, pp. 255-289.
Oenema, O., Wrage, N., Velthof, G.L., van Groenigen, 
J.W., Dolfi ng, J. and Kuikman, P.J., 2005. Trends 
in global nitrous oxide emissions from animal 
production systems. Nutrient Cycling in 
Agroecosystems, 72, 51-65.
Ogle, S., Breidt, F. and Paustian, K., 2005. Agricultural 
management impacts on soil organic carbon 
storage under moist and dry climatic conditions of 
temperate and tropical regions. Biogeochemistry 
72(1), 87-121.
Palm, C.A., Alegre, J.C., Arevalo, L., Mutuo, P.K., 
Mosier, A. and Coe, R., 2002. Nitrous oxide and 
methane fl uxes in six diff erent land 53 use systems 
in the Peruvian Amazon. Global Biogeochemical 
Cycles 16, 1073, doi:10.1029/2001GB001855.
Pandey, D.N., 2002. Carbon sequestration in 
agroforestry systems. Climate Policy 2(4), 367-377.
Parashar, D.C., Mitra, A.P., Sinha, S.K., Gupta, P.K., 
Rai, J., Sharma, R.C., Singh, N., Kaul, S., Lal, G., 
Chaudhary, A., Ray, H.S., Das, S.N., Parida, K.M., 
Rao, S.B., Kanungo, S.P., et al. 1994. Methane 
budget from Indian paddy fi elds. In: K. Minami, 
A. Mosier and R. Sass (Eds). CH4 and N2O: Global 
Emissions and Controls from Rice Fields and 
Other Agricultural and Industrial Sources. NIAES. 
Yokendo Publishers, Tokyo, pp. 27-39.
Parkin, T.B. and Kaspar, T.C., 2006. Nitrous oxide 
emissions from corn-soybean systems in the 
Midwest. Journal of Environmental Quality 35, 
1496-1506.
Petrova, I., 1989. Model study of losses of soil and 
nutrients from brown forest soil in the Chepelare 
62 International Fertilizer Industry Association
region. IVth National Conference of Soil Science, 
28-30 May 1986, 615-624.
Powlson, D.S. and Jenkinson, D.S., 1981. A 
comparison of the organic matter, biomass, 
adenosine triphosphate and mineralizable nitrogen 
contents of ploughed and direct-drilled soils. 
Journal of Agricultural Science 97, 713-721.
Priemé, A. and Ekelund, F., 2001. Five pesticides 
decreased oxidation of atmospheric methane in a 
forest soil. Soil Biology and Biochemistry 33, 831–
835.
Rath, A.K., Mohanty, S.R., Mishra, S., Kumaraswamy, 
S., Ramakrishnan, B. and Sethunathan, N., 1999. 
Methane production in unamended and rice-
straw-amended soil at diff erent moisture levels. 
Biology and Fertility of Soils 28, 145–149.
Rawluk, C.D.L., Grant, C.A. and Racz, G.J., 2001. 
Ammonia volatilization from soils fertilized with 
urea and varying rates of urease inhibitor NBPT. 
Canadian Journal of Soil Science 81, 239-246.
Roberts, T.L., 2007. Right product, right rate, right 
time and right place...the foundation of best 
management practices for fertilizer. In: Fertilizer 
Best Management Practices. General Principles, 
Strategy for Th eir Adoption, and Voluntary 
Initiatives vs. Regulations. Proc. of IFA International 
Workshop 7-9 March 2007. Brussels, Belgium. 
International Fertilizer Industry Association. Paris, 
France, pp. 29-32.
Robertson, G.P., Paul, E.A. and Harwood, R.R., 
2000. Greenhouse gases in intensive agriculture: 
Contributions of individual gases to the radiative 
forcing of the atmosphere. Science 289, 1922-1925.
Rochette, P., 2008. No-till only increases N2O 
emissions in poorly-aerated soils. Soil and Tillage 
Research 101, 97-100.
Rochette, P., Angers, D.A., Bélanger, G., Chantigny, 
M.H., Prévost, D. and Lévesque, G., 2004. 
Emissions of N2O from alfalfa and soybean crops 
in Eastern Canada. Soil Science Society of America 
Journal 68, 493-506.
Romanovskaya, A.A., 2008. Methane and nitrous 
oxide emissions in the agricultural sector of Russia. 
Russian Meteorology and Hydrology 33 (2), 117-
124.
Rose, S., Ahammad, H., Eickhout, B., Fisher, B., 
Kurosawa, A., Rao, S., Riahi, K. and van Vuuren, 
D., 2007. Land in Climate Stabilization Modeling. 
Energy Modeling Forum Report, Stanford 
University. Available from: http://www.stanford.
edu/group/EMF/projects/group21/Landuse.pdf 
(accessed 26 March 2007).
Rosegrant, M., Paisner, M.S., and Meijer, S., 2001. 
Long-Term Prospects for Agriculture and the 
Resource Base. Th e World Bank Rural Development 
Family. Rural Development Strategy Background 
Paper #1. Th e World Bank, Washington.
Sainju, U.M., Senwo, Z.N., Nyakatawa, E.Z., Tazisong, 
I.A. and Reddy, K.C., 2008. Soil carbon and 
nitrogen sequestration as aff ected by long-term 
tillage, cropping systems, and nitrogen fertilizer 
sources. Agriculture Ecosystems and Environment 
127 (3-4), 234-240.
Salvagiotti, F., Cassman, K.G., Specht, J.E., Walters, 
D.T., Weiss, A. and Dobermann, A., 2008. Nitrogen 
uptake, fi xation and response to fertilizer N in 
soybeans: A review. Field Crops Research 108(1), 
1-13.
Sanchez, P.A., 2002. Soil fertility and hunger in Africa. 
Science 295, 2019-2020.
Sass, R.L., 1994. Short summary chapter for methane. 
In: K. Minami, A. Mosier and R. Sass (Eds). CH4 
and N2O: Global Emissions and Controls from 
Rice Fields and Other Agricultural and Industrial 
Sources. NIAES. Yokendo Publishers, Tokyo, pp. 
1-7.
Sass, R.L., Fisher, F.M. and Harcombe, P.A., 1990. 
Methane production and emission in a Texas rice 
fi eld. Global Biogeochemical Cycles 4, 47–68.
Sass, R.L., Fisher, F.M., Harcombe, P.A. and Turner, 
F.T., 1991. Mitigation of methane emissions from 
rice fi elds: Possible adverse eff ects of incorporated 
rice straw. Global Biogeochemical Cycles 5, 275–
287.
Sass, R.L., Fisher, F.M., Wang, Y.B., Turner, F.T. and 
Jud, M.F., 1992. Methane emission from rice fi elds: 
the eff ect of fl oodwater management. Global 
Biogeochemical Cycles 6, 249–262.
Sauerbeck, D.R., 2001. CO2 emissions and C 
sequestration by agriculture - perspectives and 
limitations. Nutrient Cycling in Agroecosystems 
60, 253–266.
Schlegel, A.J., Dhuyvetter, K.C. and Havlin, J.L., 1996. 
Economic and environmental impacts of long-term 
nitrogen and phosphorus fertilization. Journal of 
Production Agriculture 9, 114-118.
Schlesinger, W.H., 1999. Carbon sequestration in 
soils. Science, 284, pp. 2095.
Scholes, R.J. and Biggs, R., 2004. Ecosystem services 
in southern Africa: a regional assessment. CSIR, 
Pretoria.
Schütz, H., Holzapfel-Pschorn, A., Conrad, R., 
Rennenberg, H. and Seiler, W., 1989. A 3-year 
continuous record on the infl uence of daytime, 
season, and fertilizer treatment on methane 
emission rates from an Italian rice paddy. Journal 
of Geophysical Research 94: 16405–16416.
Searchinger, T., Heimlich, R., Houghton, R. A., Dong, 
F., Elobeid, A., Fabiosa, J.,
Tokgoz, S., Hayes, D. and Yu, T.H., 2008. Use of U.S. 
croplands for biofuels increases greenhouse gases 
through emissions from land-use change. Science 
Express 319, 1238-1240.
63Greenhouse gas budgets of crop production – current and likely future trends
Seghers, D., Top, E.M., Reheul, D., Bulcke, R., Boeckx, 
P., Verstraete, W. and Siciliano, S.D., 2003. Long-
term eff ects of mineral versus organic fertilizers 
on activity and structure of the methanotrophic 
community in agricultural soils, Environmental 
Microbiology 10, 867–877.
Setyanto, P., Makarim, A.K., Fagi, A.M. Wassmann, 
R. and Buendia, L.V., 2000. Crop Management 
Aff ecting Methane Emissions from Irrigated and 
Rainfed Rice in Central Java (Indonesia). Nutrient 
Cycling in Agroecosystems 58 (1-3), 85-93.
Shao, K. and Li, Z., 1997. Eff ect of rice cultivars 
and fertilizer management on methane emission 
in a rice paddy in Beijing. Nutrient Cycling in 
Agroecosystems 49, 139–146.
Sharma, C., Tiwari, M.K. and Pathak, H., 2008. 
Estimates of emission and deposition of reactive 
nitrogenous species for India. Current Science 94 
(11), 1439-1446.
Shaviv, A., 2000. Advances in controlled release 
fertilizers. Advances in Agronomy 71, 1-49.
Shin, Y.K., Yun, S.H., Park, M.E. and Lee, B.L., 1996. 
Mitigation options for methane emission from rice 
fi elds in Korea. Ambio 25 (4), 289-291.
Shoji, S. and Kanno, H., 1994. Use of polyolefi n-
coated fertilizers for increasing fertilizer effi  ciency 
and reducing nitrate leaching and nitrous oxide 
emissions. Fertilizer Research 39, 147–152.
Shoji, S., Delgado, J., Mosier, A. and Miura, Y., 2001. 
Use of controlled release fertilizers and nitrifi cation 
inhibitors to increase nitrogen use effi  ciency and to 
conserve air and water quality. Communications in 
Soil Science and Plant Analysis 32(7-8), 1051-1070.
Singh, B. and Singh, Y., 2008. Reactive nitrogen 
in Indian agriculture: Inputs, use effi  ciency and 
leakages. Current Science 94 (11), 1382-1393. 
Singh, B., Shan, Y.H., Johnson-Beebout, S.E., Singh, Y. 
and Buresh, R.J., 2008. Crop residue management 
for lowland rice-based cropping systems in Asia. 
Advances in Agronomy 98, 117-199. 
Six, J., Ogle, S.M., Breidt, F.J., Conant, R.T., Mosier, 
A.R. and Paustian, K., 2004. Th e potential 
to mitigate global warming with no-tillage 
management is only realized when practised in the 
long term. Global Change Biology 10 (2), 155-160.
Skiba, U., Smith, K.A. and Fowler, D., 1993. 
Nitrifi cation and denitrifi cation as sources of nitric 
oxide and nitrous oxide in a sandy loam soil. Soil 
Biology and Biochemistry 25, 1527-1536.
Smil, V., 2001. Enriching the Earth: Fritz Haber, Carl 
Bosch and the Transformation of World Food 
Production. MIT Press, Cambridge, Massachusetts.
Smith, K.A. and Conen, F., 2004. Impacts of land 
management on fl uxes of trace greenhouse gases. 
Soil Use and Management 20, 255-263.
Smith, K.A. and Dobbie, K.E., 2002. Nitrous oxide 
emissions from agricultural soils and the potential 
for their reduction. Final Project Report, DEFRA 
Contract CC0233.
Smith, P., Powlson, D.S., Glendining, M.J. and Smith, 
J.U., 1998. Preliminary estimates of the potential 
for carbon mitigation in European soils through 
no-till farming. Global Change Biology 4, 679-685. 
Smith, P., Goulding, K.W.T., Smith, K.A., Powlson, 
D.S., Smith, J.U., Falloon, P. and Coleman, K., 
2000a. Including trace gas fl uxes in estimates of 
the carbon mitigation potential of UK agricultural 
land. Soil Use and Management 16, 251-259. 
Smith, P., Milne, R., Powlson, D.S., Smith, J.U., Falloon, 
P. and Coleman, K., 2000b. Revised estimates of 
the carbon mitigation potential of UK agricultural 
land. Soil Use and Management 16, 293-295.
Smith, P., Powlson, D.S., Smith, J.U., Falloon, P. and 
Coleman, K., 2000c. Meeting Europe’s climate 
change commitments: quantitative estimates of 
the potential for carbon mitigation by agriculture. 
Global Change Biology 6, 525-539.
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H.H., 
Kumar, P., McCarl, B., Ogle, S., O’Mara, F., Rice, C., 
Scholes, R.J., Sirotenko, O., Howden, M., McAllister, 
T., Pan, G., Romanenkov, V., Rose, S., Schneider, U. 
and Towprayoon, S., 2007a. Agriculture. Chapter 
8 of Climate change 2007: Mitigation. Contribution 
of Working Group III to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate 
Change [B. Metz, O.R. Davidson, P.R. Bosch, R. 
Dave and L.A. Meyer (Eds)], Cambridge University 
Press, Cambridge, United Kingdom and New York, 
NY, USA.
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, 
H.H., Kumar, P., McCarl, B., Ogle, S., O’Mara, F., 
Rice, C., Scholes, R.J., Sirotenko, O., Howden, M., 
McAllister, T., Pan, G., Romanenkov, V., Schneider, 
U., Towprayoon, S., Wattenbach, M. and  Smith, J.U., 
2007b. Greenhouse gas mitigation in agriculture. 
Philosophical Transactions of the Royal Society B 
363. doi:10.1098/rstb.2007.2184.
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, 
H.H., Kumar, P., McCarl, B., Ogle, S., O’Mara, F., 
Rice, C., Scholes, R.J., Sirotenko, O., Howden, M., 
McAllister, T., Pan, G., Romanenkov, V., Schneider, 
U. and Towprayoon, S., 2007c. Policy and 
technological constraints to implementation of 
greenhouse gas mitigation options in agriculture. 
Agriculture, Ecosystems and Environment 118 
(2007) 6–28.
Smith, S.J. and Wigley, T.M.L,. 2006. Multi-Gas 
Forcing Stabilization with the MiniCAM. Multi-
Greenhouse Gas Mitigation and Climate Policy, 
Energy Journal, Special Issue #3.
Smith, W. N., Desjardins, R. L. and Grant, B., 2001. 
Estimated changes in soil carbon associated with 
agricultural practices in Canada. Canadian Journal 
of Soil Science 81, 221–227.
64 International Fertilizer Industry Association
Snyder, C.S., 2008. Fertilizer Nitrogen BMPs to 
Limit Losses that Contribute to Global Warming. 
International Plant Nutrition Institute. June 2008. 
Reference # 08057. 8 pp.
Snyder, C.S., Bruulsema, T.W., Jensen, T.L. and Fixen, 
P.E., 2009. Review of Greenhouse Gas Emissions 
from Crop Production Systems and Fertilizer 
Management Eff ects. Agriculture, Ecosystems 
and Environment 133, 247–266 (doi:10.1016/j.
agee.2009.04.021).
Stanford, G., 1982. Assessment of soil nitrogen 
availability. In: F.J. Stevenson (Ed.), Nitrogen in 
Agricultural Soils. Agronomy Monographs 22. 
American Society of Agronomy, Crop Science 
Society of America, Soil Science Society of America. 
Madison, Wisconsin, Ch. 17, pp. 651-688.
Stehfest, E. and Bouwman, L., 2006. N2O and 
NO emission from agricultural fi elds and soils 
under natural vegetation: summarizing available 
measurement data and modeling of global annual 
emissions. Nutrient Cycling in Agroecosystems 74, 
207-228.
Steudler, P.A., Melillo, J.M., Feigl, B.J., Neill, C., 
Piccolo, M.C. and Cerri, C., 1996. Consequences of 
forest-to-pasture conversion on CH4 fl uxes in the 
Brazilian Amazon Basin. Journal of Geophysical 
Research 101, 547–554.
Tenuta, M. and Beauchamp, E.G., 2003. Nitrous 
oxide production from granular nitrogen fertilizers 
applied to a silt loam soil. Canadian Journal of Soil 
Science 83, 521-532.
Th ornton, F.C. and Valente, R.J., 1996. Soil emissions 
of nitric oxide and nitrous oxide from no-till corn. 
Soil Science Society of America Journal 60, 1127-
1133.
Tilman, D., Fargione, J., Wolff , B., D’Antonio, 
C., Dobson, A., Howarth, R., Schindler, D., 
Schlesinger, W.H., Simberloff , D. and Swackhamer, 
D., 2001. Forecasting agriculturally driven global 
environmental change. Science 292, 281–284. 
Tilman, D., Cassman, G.K., Matson, P.A., Naylor, R. 
and Polasky, S., 2002. Agricultural sustainability 
and intensive production practices. Nature 418, 
671–677.
Tlustos, P., Willison, T.W., Baker, J.C., Murphy, D.V., 
Pavlikova, D., Goulding K.W.T. and Powlson, D.S., 
1998. Short-term eff ects of nitrogen on methane 
oxidation in soils. Biology and Fertility of Soils 28, 
64–70.
Tomlinson, T.E., 1974. Soil structural aspects of direct 
drilling. In: Proceedings of the 10th International 
Soil Science Congress, Moscow, 1974, pp. 203-213. 
ISSS, Moscow. 
Topp, E., 1993. Eff ects of selected agrochemicals on 
methane oxidation by an organic agricultural soil. 
Canadian Journal of Soil Science 73, 287–291.
Tsuruta, H., Ishizuka, S., Ueda, S. and Murdiyarso, D., 
2000. Seasonal and spatial variations of CO2, CH4, 
and N2O fl uxes from the surface soils in diff erent 
forms of land-use/cover in Jambi, Sumatra. In: D. 
Murdiyarso and H. Tsuruta (Eds), Th e impacts 
of Land–use/Cover Change on Greenhouse 
Gas Emissions in Tropical Asia. IC-SEA, Bogor, 
Indonesia and NIAES, Tsukuba, Japan, pp. 7–30.
Tsvetkova, E., Momchev, A. and Lazarov, A., 1995. 
Agricultural practices for erosion control at row 
crops grown on Calcareous Chernozem. In I. 
Marinov (Ed) 90 years Soil Erosion Control in 
Bulgaria, pp. 237-241.
Ugalde, D., Brungs, A., Kaebernick, M., McGregor, 
A. and Slattery, B., 2007. Implications of climate 
change for tillage practice in Australia. Soil and 
Tillage Research 97 (2), 318-330.
UNEP, 2007. Reactive Nitrogen in the Environment: 
Too Much or Too Little of a Good Th ing. UNEP, 
WHRC, Paris.
UNFCCC, 2005. Sixth compilation and synthesis of 
initial national communications from Parties not 
included in Annex I to the Convention. Addendum: 
Inventories of anthropogenic emissions by sources 
and removals by sinks of greenhouse gases. FCCC/
SBI/2005/18/Add.2. 
UNFCCC, 2008. National communications and 
greenhouse gas inventory data from Parties 
included in Annex I to the Convention: Report 
on national greenhouse gas inventory data from 
Parties included in Annex I to the Convention for 
the period 1990–2006. FCCC/SBI/2008/12.
USCCSP, 2006. Scenarios of Greenhouse Gas 
Emissions and Atmospheric Concentrations. 
Report by the U.S. Climate Change Science 
Program and approved by the Climate Change 
Science Program Product Development Advisory 
Committee. L. Clarke, J. Edmonds, J. Jacoby, H. 
Pitcher, J. Reilly and R. Richels (Eds.), U.S. Climate 
Change Science Program.
US-EPA, 2006a. Global Anthropogenic Non-CO2 
Greenhouse Gas Emissions: 1990-2020. United 
States Environmental Protection Agency, EPA 430-
R-06-003, June 2006. Washington, D.C. Available at 
http://www.epa.gov/nonco2/econ-inv/downloads/
GlobalAnthroEmissionsReport.pdf 
US-EPA, 2006b. Global Mitigation of Non-CO2 
Greenhouse Gases. United States Environmental 
Protection Agency, EPA 430-R-06-005, Washington, 
D.C. Available at http://www.epa.gov/nonco2/
econ-inv/downloads/GlobalMitigationFullReport.
pdf 
US-EPA, 2009. Inventory of U.S. Greenhouse Gas 
Emissions and Sinks: 1990-2007. Available at 
http://www.epa.gov/climatechange/emissions/
usinventoryreport.html
65Greenhouse gas budgets of crop production – current and likely future trends
van Bochove, E., Prévost, D. and Pelletier, F., 2000. 
Eff ects of freeze-thaw and soil structure on nitrous 
oxide produced in a clay soil. Soil Science Society 
of America Journal 64, 1638-1643.
van der Weerden, T.J., Sherlock, R.R., Williams, P.H. 
and Cameron, K.C., 1999. Nitrous oxide emissions 
and methane oxidation by soil following cultivation 
of two diff erent leguminous pastures. Biology and 
fertility of Soils 30(1-2), 52-60.
Van Oost, K., Govers, G., Quine, T.A. and Heckrath, 
G., 2004. Comment on ‘Managing soil carbon’ (I). 
Science, 305, 1567 pp.
van Vuuren, D.P., Ochola, W.O. and Riha, S., 
Giampietro, M., Ginzo, H., Henrichs, T., Kok, 
K., Makhura, M., Mirza, M., Palanisami, K.P., 
Ranganathan, C.R., Ray, S., Ringler, C., Rola, A., 
Westhoek, H. and Zurek, M., 2008. Outlook on 
agricultural changes and its drivers. In: B. Watson 
(Ed.), International Assessment of Agricultural 
Knowledge, Science and Technology for 
Development.
Velthof, G.L. and Kuikman, P.J., 2000. Beperking van 
lachgasemissie uit gewasresten; een systeemanalyse. 
Alterra report 114.3 (in Dutch). Wageningen, Th e 
Netherlands.
Velthof, G.L., de Haan, M.H., Hulshof, G., van 
den Pol-Dasselaar, A. and Kuikman, P.J., 2000a. 
Beperking van lachgasemissie uit beweid grasland; 
een systeemanalyse.
Alterra report 114.1 (in Dutch). Wageningen, Th e 
Netherlands.
Velthof, G.L., de Haan, M.H., Schils, R.L.M., Monteny, 
G.J., van den Pol-van Dasselaar, A. and Kuikman, 
P.J., 2000b. Beperking van lachgasemissie uit 
bemeste landbouwgronden; een systeemanalyse. 
Alterra report 114.2 (in Dutch). Wageningen, Th e 
Netherlands.
Velthof, G.L., Kuikman, P.J. and Oenema, O., 2002. 
Nitrous oxide emission from soils amended with 
crop residues. Nutrient Cycling in Agroecosystems 
62, 249–261.
Velthof, G.L., Kuikman, P.J. and Oenema, O., 2003. 
Nitrous oxide emission from animal manures 
applied to soil under controlled conditions. Biology 
and Fertility of Soils 37, 221-230.
Venterea, R.T. and Stanenas, A.J., 2008. Profi le analysis 
modelling and modelling of reduced tillage eff ects 
on soil nitrous oxide fl ux. Journal of Environmental 
Quality 37, 1360-1367.
Venterea, R.T., Burger, M. and Spokas, K.A., 2005. 
Nitrogen oxide and methane emissions under 
varying tillage and fertilizer management. Journal 
of Environmental Quality 34, 1467-1477.
Verburg, R., Woltjer, G., Tabeau, A., Eickhout, B. and 
Stehfest, E., 2008. Agricultural trade liberalisation 
and greenhouse gas emissions; A simulation study 
using the GTAP-IMAGE modelling framework. 
Th e Hague, LEI. Report 3.08.02; ISBN: 978-90-
8615-204-9.
Verchot, L.V., Davidson, E.A., Cattanio, J.H. and 
Ackerman, I.L., 2000. Land-use change and 
biogeochemical controls on methane fl uxes in soils 
of eastern Amazon. Ecosystems 3, 41–56.
Vergé, X.P.C., De Kimpe, C. and Desjardins, R.L., 
2007. Agricultural production, greenhouse gas 
emissions and mitigation potential. Agricultural 
and Forest Meteorology 142, 255–269. 
Vinther, F.P., Hansen, E.M. and Oleson, J.E., 2004. 
Eff ects of plant residues on crop performance, N 
mineralization and microbial activity including 
fi eld CO2 and N2O fl uxes in unfertilized crop 
rotations. Nutrient Cycling in Agroecosystems 70, 
189-199.
Wagner-Riddle, C., Furon, A., Mclaughlin, N.L., 
Lee, I., Barbeau, J., Jayasundara, S., Parkin, G., 
Von Bertoldi, P. and Warland, J., 2007. Intensive 
measurement of nitrous oxide emissions from 
a corn-soybean-wheat rotation under two 
contrasting management systems over 5 years. 
Global Change Biology 13 (8), 1722-1736.
Wang, B., Neue, H.U. and Samonte, H.P., 1997. Eff ect 
of cultivar diff erence (IR 72, IR65598 and Dular) 
on methane emission. Agriculture, Ecosystem and 
Environment 62, 31–40.
Wang, M., Aiguo, D., Xingjian, S., Lixin, R., Rensing, 
S., Schutz, H., Seiler, W., Ramussen, R.A. and 
Khalil, M.A.K., 1994. Sources of methane in China. 
In: K. Minami, A. Mosier and R. Sass (Eds). CH4 
and N2O: Global Emissions and Controls from 
Rice Fields and Other Agricultural and Industrial 
Sources. NIAES. Yokendo Publishers, Tokyo, pp. 
9-26.
Wang, Z.Y., Xu, Y.C., Li, Z., Guo, Y.X., Wassmann, 
R., Neue, H.U., Lantin, R.S., Buendia, L.V., Ding, 
Y.P. and Wang, Z.Z., 2000. A Four-Year Record of 
Methane Emissions from Irrigated Rice Fields in 
the Beijing Region of China. Nutrient Cycling in 
Agroecosystems 58, 55–63.
Wassmann, R., Buendia, L.V., Lantin, R.S., Bueno, C.S., 
Lubigan, L.A., Umali, A., Nocon, N.N., Javellana, 
A.M. and Neue, H.U., 2000a. Mechanisms of Crop 
Management Impact on Methane Emissions from 
Rice Fields in Los Baños, Philippines. Nutrient 
Cycling in Agroecosystems 58, 107–119.
Wassmann, R., Lantin, R.S., Neue, H.U., Buendia, L.V., 
Corton, T.M. and Lu, Y., 2000b. Characterization of 
Methane Emissions from Rice Fields in Asia. III. 
Mitigation Options and Future Research Needs. 
Nutrient Cycling in Agroecosystems 58, 23–36.
Wassmann, R., Neue, H.U., Lantin, R.S., Makarim, K., 
Chareonsilp, N., Buendia, L.V. and Rennenberg, 
H., 2000c. Characterization of Methane Emissions 
from Rice Fields in Asia. II. Diff erences among 
66 International Fertilizer Industry Association
Irrigated, Rainfed, and Deepwater Rice. Nutrient 
Cycling in Agroecosystems 58, 13–22.
Watanabe, A. and Kimura, M., 1999. Infl uence of 
chemical properties of soils on methane emission 
from rice paddies. Communications in Soil Science 
and Plant Analysis 30, 2449–2463.
Watanabe, A., Kajiwara, M., Tashiro, T. and Kimura, 
M., 1995. Infl uence of rice cultivar on methane 
emission from rice paddy fi elds. Plant and Soil, 
176, 51–56.
Watson, C., 2005. Urease Inhibitors. Proceedings of 
the IFA International Workshop on Enhanced-
Effi  ciency Fertilizers, Frankfort, June 28-30, 2005. 
International. Fertilizer Industry Association 
(IFA), Paris, France.
Watson, R.T., Meira Filho, L.G., Sanhueza, E. and 
Janetos, T., 1992. Greenhouse gases: Sources 
and Sinks. In: J.T. Houghton, B.A. Callander and 
S.K. Varney (Eds). Climate Change 1992, Th e 
Supplementary Reports to the IPCC Scientifi c 
Assessment. Cambridge Univ. Press, Cambridge, 
pp. 25-46. 
Weiske, A., 2005. Survey of technical and 
management-based mitigation measures in 
agriculture. MEACAP WP3 D7a report. Available 
at: http://www.ieep.eu/publications/pdfs/meacap/
WP3/WP3D7a_mitigation.pdf (verifi ed 10th Feb 
2009). 
Weiske, A., 2006. Selection and specifi cation of 
technical and management-based greenhouse gas 
mitigation measures in agricultural production for 
modeling. MEACAP WP3 D10a report. Available 
at: http://www.ieep.eu/publications/pdfs/meacap/
D10a_GHG_mitigation_measures_for_modelling.
pdf (verifi ed 10th Feb 2009).
Weiske, A. and Michel, J., 2007. Greenhouse gas 
emissions and mitigation costs of selected 
mitigation measures in agricultural production. 
MEACAP WP3 D15a report. Available at: http://
www.ieep.eu/publications/pdfs/meacap/WP3_
D15_ghg_mitigation%20costs.pdf (verifi ed 10th 
Feb 2009).  
West, T.O. and Post, W.M., 2002. Soil Organic Carbon 
Sequestration Rates by Tillage and Crop Rotation: 
A Global Data Analysis. Soil Science Society of 
America Journal 66, 1930-1946.
Williams, A.G., Audsley, E. and Sandars, D.L., 2006. 
Determining the environmental burdens and 
resource use in the production of agricultural and 
horticultural commodities. Cranfi eld University 
and Defra Research Project ISO205, Bedford.
Willison, T.W., Goulding, K.W.T. and Powlson, D.S., 
1995. Eff ect of land use change and methane mixing 
ratio on methane uptake from United Kingdom 
soil. Global Change Biology 1, 209–212.
World Resource Institute, 2004. EarthTrends – 
Population, Health and Human Well-being. 
Searchable Database.
Xing, G.X. and Yan, X.Y., 1999. Direct nitrous 
oxide emissions from agricultural fi elds in China 
estimated by the revised 1996 IPPC guidelines for 
national greenhouse gases. Environmental Science 
and Policy 2, 355-361.
Xu, H., Cai, Z.C., Jia, Z.J. and Tsuruta, H., 2000. 
Eff ect of land management in winter crop season 
on CH4 emission during the following fl ooded 
and rice growing period. Nutrient Cycling in 
Agroecosystems 58, 327-332.
Yagi, K. and Minami, K., 1990. Eff ect of organic 
matter application on methane emission from 
some Japanese paddy fi elds. Soil Science and Plant 
Nutrition 36, 599–610.
Yagi, K., Kumagai, K., Tsuruta, H. and Minami, K., 
1994. Emission, production, and oxidation of 
methane in a Japanese rice paddy fi eld. In: R. Lal et 
al. (Eds). Soil Management and greenhouse eff ect. 
Advances in Soil Science, CRC, Lewis Publishers, 
Boca Raton, pp. 231-244.
Yang, H.S., 2006. Resource management, soil fertility 
and sustainable crop production: Experiences of 
China. Agriculture, Ecosystems and Environment 
116, 27–33.
Yang, X. and Wander, M.M., 1999. Tillage eff ects on 
soil organic carbon distribution and storage in a silt 
loam soil in Illonois. Soil and Tillage Research 52, 
1-9.
Yan, X.Y., Ohara, T. and Kimoto, H., 2003. 
Development of region-specifi c emission factors 
and estimation of methane emission from rice fi elds 
in the East, Southeast and South Asian countries. 
Global Change Biology 9, 237-254.
Yu’e, L. and Erda, L., 2000. Emissions of N2O, NH3 and 
NOx from fuel combustion, industrial processes 
and the agricultural sectors in China. Nutrient 
Cycling in Agroecosystems 57, 99-106. 
Zebarth, B.J., Rochette, P., Burton, D.L. and Price, M., 
2008. Eff ect of fertilizer nitrogen management on 
N2O emissions in commercial corn fi elds. Canadian 
Journal of Soil Science 88, 189-195. 
Zeng, D., 2003. Evolution of agriculture and 
agricultural practices in China. In ‘2003 IFA 
regional conference for Asia and the Pacifi c’. IFA, 
Cheju Island, Republic of Korea.
Zhang, F.S., Fan, M.S. and Zhang, W.F., 2007. 
Principles, dissemination and performance of 
fertilizer best management practices developed in 
China. In: Fertilizer Best Management Practices 
– General Principles, Strategy for their Adoption 
and Voluntary Initiatives vs Regulations. Papers 
presented at the IFA International Workshop on 
Fertilizer Best Management Practices 7-9 March 
2007, Brussels, Belgium, pp. 193-201. IFA, Paris.
67Greenhouse gas budgets of crop production – current and likely future trends
Zhang, F., Zhang, W. Li, Y., Wang, F. and Chen, X., 
2009. Nutrient use effi  ciency and recycling of 
organic nutrient in China. Proceedings of the 77th 
IFA Annual Conference, Shanghai, China, 25-27th 
May 2009.
Zhang, S.L., Cai, G.X., Wang, X.Z., Xu, Y.H., Zhu, 
Z.L. and Freney, J.R., 1992. Loss of urea-nitrogen 
applied to maize grown on a calcareous fl uvo-aquic 
soil in North China Plain. Pedosphere 2, 171–178.
Zhang, W.L., Tian, Z.X., Zhang, N. and Li, X.Q., 
1996. Nitrate pollution of groundwater in northern 
China. Agriculture, Ecosystems and Environment 
59, 223–231.
Zhou, L.K., Xu, X.K., Chen, J., Li, R H. and van 
Cleemput, O., 1999. Eff ect of hydroquinone and 
dicyandiamide on N2O and CH4 emission from 
lowland rice soil. Chinese Journal of Applied 
Ecology 10, 189–192.
Zhu, Z.L., 1997. Fate and management of fertilizer 
nitrogen in agrocosystems. In: Z.L. Zhu, Q.X. Wen 
and J.R. Freney (Eds) Nitrogen in Soils of China 
239–279. Kluwer Academic Publishers, Dordrecht/
Boston/London.
Zhu, Z.L., 1998. Soil nitrogen fertility and nitrogen 
management in agriculture of China. In: S.M. Shen, 
J.C. Xie and H.F. Wan (Eds) Soil Fertility of China, 
160–211. China Agriculture Publishers, Beijing. 
(In Chinese)
Zhu, Z.L. and Chen, D.L., 2002. Nitrogen fertilizer 
use in China – Contributions to food production, 
impacts on the environment and best management 
strategies. Nutrient Cycling in Agroecosystems 63, 
117–127.
